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SHOCK-LAYER RADIATION OF BLUNT BODIES 

AT REENTRY  YELOCITIES 

By William A. Page  and James 0. Arnold 

Ames Research  Center 
Moffett   Field,  Calif. 

SUMMARY 

Measurements are   presented of the   thermal   rad ia t ion  from  shock  layers  of 
models simulating  vehicles  entering  the  Earth 's   atmosphere.  The data are   ana-  
lyzed  and  the  contribution of r ad ia t ive   hea t ing   t o   t he   t o t a l   hea t ing   l oads  
imposed upon entry  vehicles  i s  evaluated. 

The  models  were  launched by l ight-gas   guns  into s t i l l  air or i n t o  a 
countercurrent air  stream  generated by a shock-tube-driven  hypersonic wind tun-  
nel .   Veloci t ies   ranged from 5.4 t o  12.4 km/sec, some 1 . 5  km/sec above t h e  
ve loc i ty   fo r  E a r t h  escape  while  free-stream  densities  were  varied  over a range 
of 1000 t o  1, from p,/po = 2 ~ 1 0 - ~   t o  2x10-1. Various  types  of  radiometric 
measurements l e d   t o  estimates of t h e   t o t a l   r a d i a t i o n  and t h e   s p e c t r a l   d i s t r i -  
bution of t he   r ad ia t ion .  

Resul ts  from the  present  experiments  for air i n  thermodynamic  and 
chemical  equilibrium  correspond  typically  to  within a f a c t o r  of 2 t o   t h e   t h e o -  
r e t i c a l  and  experimental work i n   t h e   l i t e r a t u r e .  Measurements  of the  thermal 
radiation  emitted  from  the  nonequilibrium  reaction zone d i rec t ly   behind   the  bow 
shock   g ive   charac te r i s t ic   rad ia t ive   hea t ing   f luxes  of 2, 6, and 18 watts/cm2 
f o r   v e l o c i t i e s  of 6.4, 9.5,  and 11.0 km/sec, respectively.   These  nonequilib- 
rim heat ing   in tens i t ies   a re   cons iderably  below ear ly   es t imates  of  nonequilib- 
rim heating. The values   are   not   expected  to  change  with f l i gh t   dens i ty  or 
vehic le   s ize .  

The repor t   a l so   inc ludes  a discussion  based on labora tory   resu l t s   o f  
methods for   p red ic t ing   rad ia t ive   hea t ing  of fu l l - sca le   vehic les .   Inc luded   a re  
remarks  regarding  special  problems,  such as co l l i s ion   l imi t ing ,  merging  of 
shock  layer  and  boundary  layer,  radiation  self-absorption,  and  flow  energy 
l imi t ing ,  which  must be  considered when the   p re sen t   r e su l t s  are extended far 
from the   t e s t   cond i t ions .  

INTRODUCTION 

For severa l   years  now, it has become increasingly  apparent   that ,  as t h e  
speed  of  vehicles  entering  the  Earth 's   atmosphere  approaches or exceeds  the 
Earth  escape  value,   radiat ive  heat ing from t h e  shock  layer, namely the  heated 
air  between t h e  bow shock  and t h e  body sur face ,   can   cont r ibu te   s ign i f icant ly   to  



t he   t o t a l   veh ic l e   hea t ing .  I n  f a c t ,  estimates of radiative i n t e n s i t i e s  have 
i n d i c a t e d   t h a t   t h i s  form  of  heating,  rather  than  convective  heating, w i l l ,  i n  
cer ta in   cases ,  become predominant a t  en t ry   ve loc i t i e s  above  Earth  escape  speed. 
I n t e r e s t   i n   e n t r y  a t  greater  than  Earth  escape  speed comes from s tudies   o f   the  
re turn  of   vehicles  from the  nearby  planets,   such as Mars o r  Venus. 

An extensive  effor t ,   of  which the  present  study i s  a par t ,   has   been   in  
progress   to   de te rmine   the   parameters   cont ro l l ing   rad ia t ive   hea t   t ransfer   to  
en t ry   vehic les  from t h e  shock layer  about  the body. Various  problem areas 
require   s tudy.  With  knowledge  of t h e  thermodynamic  and chemical  properties  of 
t h e   g a s   i n   t h e  shock  layer  and  fundamental  data on t h e   r a d i a t i o n  from the   gas  
as a funct ion  of   these  propert ies ,  it i s  poss ib l e   t o   de t e rmine   t he   r ad ia t ion  
f a l l i n g  on t h e  body surface.  Only a por t ion   of   the   rad ia t ion  i s  absorbed, 
depending upon the   abso rp t iv i ty  of t he   su r f ace  material t o   t h e   i n c i d e n t   r a d i a -  
t ion.   There are, of  course,   other  complicating  features,   such as r ad ia t ion  
self-absorption,  f low  energy  l imiting,  lack  of thermodynamic and  chemical  equi- 
l i b r i u m   i n   t h e  shock layer ,   coupl ing  of   the  convect ive,   radiat ive,   and  ablat ive 
processes ,   e tc . ,  a l l  of  which requi re   inves t iga t ion   before   accura te   p red ic t ions  
of fu l l - sca le   rad ia t ive   hea t ing   loads   can  be made. 

Early  contr ibut ions  to   the  problem of predict ing  thermal   radiat ion  f rom 
the   cons t i t uen t s  of high  temperature air  are  exemplified by t h e   t h e o r e t i c a l  
work of  Meyerott i n  1955 ( r e f .  1) and of Kivel, Mayer, and  Bethe i n  1.957 
( re f .  2). The study  entered  an  important  phase  with  the  publication  of  sev- 
eral estimates of t h e   t o t a l   t h e r m a l   r a d i a t i o n  from air  i n  thermodynamic  and 
chemical  equilibrium  (Kivel  and  Bailey, 1957, re f .  3 ,  and  Meyerott, e t  a l . ,  
1959, r e f .  4). These  papers  emphasize,  for  the most part,  molecular  band 
r ad ia to r s  at intermediate  gas  temperatures  ( typically l,OOOo t o  12,000° K ) .  
Radiation  from  equilibrium a i r  a t  higher  temperatures  has  been  studied 
theo re t i ca l ly  by Armstrong, 1958 ( r e f .  5 ) .  

O f  the   bas ic   l abora tory  methods u t i l i z e d   t o   i n v e s t i g a t e   t h e   t h e r m a l  
r ad ia t ion  from  high  temperature  gases,  use of t h e  shock  tube  has  contributed  an 
important  portion of the   in format ion   requi red   to   ass ign   absolu te   rad ia t ive  
i n t e n s i t i e s   t o   t h e   v a r i o u s   s p e c i e s   c o n t r i b u t i n g   t o   t h e   t o t a l   r a d i a t i o n   f r o m  air 
( see ,   e .g . ,   re fs .  3 and 4 ) .  A par t icular   advantage of shock-tube tes ts  i s  t h e  
nominal  one-dimensional  flow  which  permits  spatial  resolution of t h e   r a d i a t i o n  
i n   t h e   r e a c t i o n  zone directly  behind  the  shock wave. Such  experiments  have 
added s i g n i f i c a n t l y   t o   o u r  knowledge of   the  radiat ive  propert ies   of   the   nonequi-  
l ibrium air  behind  the  shock  which  has  not  yet  reached  conditions  of  thermodyna- 
mic and  chemical  equilibrium. 

The s tudies   reported  here  were begun i n  1959 and  had as a n   o b j e c t i v e   t o  
obtain  experimental   data on t h e   r a d i a t i v e   i n t e n s i t i e s  from a i r  i n   t h e  shock 
layer  of b o d i e s   i n   f l i g h t  a t  very  high  speeds. O f  pa r t i cu la r   i n t e re s t  w a s  t h e  
effect   of  speed on t h e   r a d i a t i o n  i n  the   range  from ea r th  s a t e l l i t e  speed up t o  
and beyond earth  escape  speed. The effect   of  ambient densi ty  was a l so   o f   i n t e r -  
e s t ,  as well  as t h e  level  of  intensity  of  the  nonequilibrium component of t h e  
rad ia t ion .   S imi la r  work was then  going on i n   t h e   s h o c k - t u b e   f a c i l i t i e s  men- 
t ioned above,  and it was des i red   bo th   to   ex tend   the   range  of velocity  and  den- 
s i t y  beyond t h o s e   a t t a i n e d   i n   t h e  shock  tubes where poss ib le   and   a l so   to   p rovide  
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a set of  measurements by an  independent  technique. The present  data  cover a 
velocity  range  from 5.5 t o  12.4 km/sec and a free-stream  density  range from 
p,/po = t o  2x10-l. The free-stream  density  range was su f f i c i en t  s o  t h a t  
t h e  air i n   t h e  shock  layer was (a) in   essent ia l ly   complete  thermodynamic  and 
chemical  equilibrium at h igh   dens i t ies  and ( b )   i n  a highly  nonequilibrium state 
at low densit ies.   These  conditions  allowed  study  of  the  radiation  from  both 
equilibrium  and  nonequilibrium  gas  samples. Some o f   t h e   e a r l i e r   r e s u l t s  from 
th i s   s tudy  were previously  reported  in   references 6 and 7. A summary of t h e  
present results was given  in   reference 8. 

SYMBOLS 

e f f ec t ive   r ad ia t ing   a r ea ,  cm2, defined by equation (12) 

spher ica l   face   a rea  of  model, em2 

pressure   coef f ic ien t  

model diameter , cm 

voltage  output of radiometer ,   vol ts  

r ad ia t ive   i n t ens i ty   pe r   un i t  volume,  watts/cm3 

r a d i a t i v e   i n t e n s i t y  from  equilibrium  gas , watts/cm3 

peak rad ia t ive   in tens i ty   in   nonequi l ibr ium zone,  watts/cm3 

rad ia t ive   in tens i ty   behind  normal  shock,  watts/cm3 

s p e c t r a l   r a d i a t i v e   i n t e n s i t y ,  watts/cm3  micron 

f r a c t i o n  of t o t a l   r ad ia t ion   r e sponded   t o  by broadband  radiometer 

rad ia t ive   in tens i ty   in tegra ted   a long   s tagnat ion   s t reaml ine ,  
watts/cm2,  defined by equation (10) 

shock-layer  shape  correction  factor 

radiometer   cal ibrat ion  constant  , volts /wat t  

spec t r a l   r ad ia t ion  from  standard lamp, watts/micron 

sea-level  atmospheric  pressure 

wind-tunnel  reservoir  pressure 

p i to t   p re s su re  

s tagnat ion-region  radiat ive  heat ing  ra te ,   wat ts /cm2 

3 
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polar   coordinate   system  in   plane  passing  through model axis of 
symmetry (see f i g .  13) 

shock-wave rad ius  , em 

body nose  radius,  em; gas  constant , cal/gm OK 

re la t ive   spec t ra l   response  of radiometer (R 

exc i t a t ion  time of   nonequi l ibr ium  rad ia t ion   pa t te rn   to  Ep , see 

re laxa t ion   t ime of nonequi l ibr ium  rad ia t ion   pa t te rn   to  1.1 Eeq, sec  

equilibrium  temperature  behind  normal  shock wave, K 

atmospheric  sea-level  reference  temperature,  288' K 

s p e c t r a l   t r a n s m i s s i o n   o f   o p t i c a l   f i l t e r  

wind-tunnel stream veloc i ty ,  km/sec 

e f f ec t ive   r ad ia t ing  volume, em3 , defined by equation (8) 

to ta l   shock- layer  volume, em3, defined by equation (B6) 

t o t a l   v e l o c i t y ,  km/sec 

4nax 
= 1) 

0 

t o t a l   r a d i a n t   f l u x  from  volume of  shock  layer i n  view of  radiometer, 
watts 

portion  of Wt spectrally  observed by broadband  radiometer, watts 

spec t r a l   r ad ian t   f l ux  from  shock layer,   watts/micron 

shock-wave standoff  distance,  em 

exci ta t ion   d i s tance   o f   nonequi l ibr ium  rad ia t ion   pa t te rn   to  Ep, ern 

re laxa t ion   d i s tance   o f   nonequi l ibr ium  rad ia t ion   pa t te rn   to  1.1 Eeq, cm 

wavelength,  microns 

equilibrium air  density  behind  normal  shock wave 

free-stream air  densi ty  

sea-level  atmospheric  density 
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FACILITIES 

The technique  developed to   ob ta in   t he   h igh   ve loc i t i e s   r equ i r ed   fo r   t h i s  
investigation  consisted  of  launching small p l a s t i c  or metal models  from l i g h t -  
gas guns i n t o   e i t h e r  s t i l l  air o r   i n to   t he  air stream  developed by a shock- 
tube-driven  hypersonic  nozzle. Two f a c i l i t i e s  were  used, the  pi lot   hypersonic  
f r e e - f l i g h t   f a c i l i t y ,  and the   p ro to type   hypersonic   f ree- f l igh t   fac i l i ty ,   bo th  
of Ames Research  Center. The p i l o t  and   pro to type   fac i l i t i es ,  which are similar 
except for s i z e  and  complexity, a r e  shown schematical ly   in   f igures  1 and 2,  
respect ively.  

Broadband  radiometer 

radbmeters 
Shdorgaph 

Stations 

W 

Light-gar 
Gun 

Figure 1. 

n V o c u u m  tank 

Shock tube 
a gun 

-Radiometer 

. Position  reference  wires 

Figure 2. 
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P i l o t   F a c i l i t y  

The p i l o t   f a c i l i t y  employs a two-stage  shock-heated 7 .l-mm bore  l ight-gas  
gun,  which i s  capable  of  launching models to .muzzle   veloci t ies   of  8.8 km/sec. 

The 1.8 km/sec countercurrent air  stream i s  generated by a hypersonic 
nozzle  contoured t o  produce  uniform  flow a t  a Mach number of 6. The reservoi r  
a i r  required i s  hea ted   i n  a cold-helium-driven  shock  tube  of 7 meter t o t a l  
length  and 10 em diameter. The shock  tube i s  operated  under   ta i lored  interface 
conditions  and  provides  operating  times of 2 t o  3 milliseconds of  uncontami- 
nated air  in   t he   t e s t   s ec t ion .   S t r eam  dens i t i e s   i n   t he   p i lo t   f ac i l i t y   r anged  
from p,/po = Z ' X ~ O - ~  t o   6 ~ 1 0 - ~  with  operation of the  countercurrent  a i r  stream 
and  from 2 ~ l O - ~  t o  2~10'~ under s t i l l  air  conditions.  The f a c i l i t y  and i t s  
opera t ion   a re   fur ther   descr ibed   in   re fe rence  6. 

Pro to type   Fac i l i ty  

The p ro to type   f ac i l i t y  i s  a l a g e r   v e r s i o n  of t h e   p i l o t   f a c i l i t y  and i s  
designed t o   g i v e  aerodynamic  and r ad ia t ion   da t a  at Earth  escape  speed  and 
higher.  The fac i l i ty   u t i l i zes   an   i sen t ropic   compress ion-hea ted   l igh t  -gas  gun 
of 12.7 mm bore similar t o   t h e  gun descr ibed   in   re fe rence  9. Launch v e l o c i t i e s  
of 9.2 ?sm/sec have  been  obtained. 

The countercurrent  stream i s  generated by a hypersonic  nozzle  contoured 
f o r  Mach number 7. The reservoir   s tagnat ion  condi t ions axe obtained  with a 
t a i l o r e d   i n t e r f a c e  shock  tube  driven  with a combustible  mixture  of  hydrogen, 
oxygen,  and  helium. The hydrogen  and  oqygen react   g iving a d r iv ing   gas   fo r   t he  
shock  tube  consisting  principally of  hot  helium.  Wee-stream  velocities of 
1.8, 2.7, and 3.6 lun/sec are available,  depending upon adjustment  of the   nozz le  
a rea   r a t io ,   t he   ope ra t ing   p re s su re   r a t io s   i n   t he  shock  tube, and the  tempera- 
t u r e  of the  dr iving  gas .  Data f o r   t h i s   r e p o r t  from the   p ro to type   f ac i l i t y  were 
obtained  with  the 3.6 km/sec air stream. The  combined veloci ty   obtained  in   the 
f a c i l i t y  has  reached 12.4 ?sm/sec. 

The driver  and  driven  tubes  have  the same nominal  dimensions,  an  internal 
diameter  of 15.7 em and a length of 12.2 meters.   During  the  present  investiga- 
t ion  s tagnat ion  pressures   var ied  f rom 8 t o  260 atmospheres a t  a nominal  stagna- 
t ion  enthalpy h/RTo of 90. These  conditions  resulted i n  free-stream 
dens i t i e s ,  p,/po, ranging from t o   i n   t h e  61-cm diameter by 12.2 
meter  long t e s t   s e c t i o n .  A l a rge  dump tank  incorporating a poppet  valve 
depic ted   in   f igure  2 serves   the  same purpose as t h e  blast blow-out p a t c h   i n   t h e  
p i l o t   f a c i l i t y ;  namely, t o   r e l i e v e   p r e s s u r e s   i n s i d e   t h e   t e s t   s e c t i o n  of t h e  
f a c i l i t i e s  a t  the  terminat ion of operation. A report  of some of the  develop- 
ment t e s t s  performed i n   t h e  combustion chamber f o r   t h e   p r o t o t y p e   f a c i l i t y  i s  
given i n  reference 10. Further   descr ipt ion of t h e   f a c i l i t y  and i t s  operating 
cycle  can  be  found in   r e f e rence  11. 
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Determination of Flight  Parameters 

Model ve loc i ty ,   pos i t ion ,  and a t t i t u d e   f o r   b o t h   f a c i l i t i e s  were  obtained 
by convent ional   bal l is t ic   range  instrumentat ion,  namely,  shadowgraph s t a t i o n s  
and  electronic-counter  timing  equipment. When t h e   f a c i l i t i e s  were  operated 
with  the  countercurrent  a i r  stream,  stream  properties were determined by t h e  
following  procedures.   Total   enthalpy  and  other  stagnation  region  state  vari-  
ables of t h e  air  used t o   d r i v e   t h e  wind tunnel  are determined  from  measurements 
of the  heat ing  process   in   the  shock  tube.  The s t a t e   va r i ab le s   a r e   de f ined  by 
measurements  of t he   i n i t i a l   cha rg ing   p re s su res  and  temperatures,  velocity  of 
the  incident  shock, and the   t r ans i en t   h i s to ry  of s tagnat ion-region  pressures   in  
t h e  shock  tube. The s tagnat ion air expands down the  hypersonic   nozzle   to   the 
t e s t   s ec t ion  where t h e   t r a n s i e n t   h i s t o r y  of s t a t i c   p r e s s u r e  at t h e  wall i s  
measured.  With  an assumed isentropic  expansion  process,  a l l  other  free-stream 
p rope r t i e s ,   i n   pa r t i cu la r   ve loc i ty  and density,  can  be computed.  Redundant 
measurements  were made of the   cen ter - l ine   p i to t   p ressure  and the  f ree-s t ream 
Mach number, the   l a t te r   de te rmined  from  shadowgraphs of the  f low  f ie ld   about  a 
f ixed  cone model  mounted on the   cen te r   l i ne  of t h e   t e s t   s e c t i o n .  These  meas- 
urements show tha t   t he   f l ow  p rope r t i e s  have  been  reasonably  well  determined, 
A s  an example, t h e   t a b l e  below gives   resu l t s   ob ta ined   in   the   p ro to type   fac i l i ty  
during  several   cal ibrat ion  runs a t  3.6 ?sm/sec of t he   p i to t   p re s su re  as de te r -  
mined from  measurement  and as determined  from  computations  based upon measure- 
ment of s tagnat ion  condi t ions and f ree-s t ream  s ta t ic   p ressure .  

1- I 

It should  be  remarked  that a t  t h e  lower  values  of  operating  stagnation 
pressures,  no  evidence w a s  found  of  lack  of thermodynamic equi l ibr ium  in   the  
flow  discharged  from t h e  wind-tunnel  nozzle.  Further,  radiative  data  obtained 
i n   t h e   p r o t o t y p e   f a c i l i t y  at V, - 9.5 km/sec and at p,/po - 4 ~ 1 O - ~  ( see  
t a b l e  I ) ,  with  and  without  the air  stream  in  operation,  gave  closely  comparable 
r e s u l t s  . 

The ins t rumenta t ion   used   for   the   t rans ien t   p ressure  measurements discussed 
above  were quartz-crystal   rapid-response  pressure  t ransducers   in   the  s tagnat ion 
region  of  the  shock  tube  and  flush-diaphragm  resistance  strain-gage  pressure 
t r ansduce r s   i n   t he   t e s t   s ec t ion .  Output t r a c e s  from the  t ransducers  were d i s -  
played on cathode-ray  oscilloscopes  and were photographed, A t y p i c a l   s e t  of 
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pressure  records from the   p ro to type   f ac i l i t y  i s  shown i n   f i g u r e  3. A t yp ica l  
s e t  of records   f rom  the   p i lo t   fac i l i ty  were previously shown in   r e f e rence  6. 

Models 

The  models launched by the   l igh t -gas  guns consis ted of spherically  nosed 
bodies as diagrammed i n   f i g u r e  4. Models made of p l a s t i c  were  machined i n   t h e  
cy l ind r i ca l  form  while  the aluminum  models were subcaliber and  launched i n  
p las  t i c 

I30 

4 /Po 

0 

,018 

Pm/Po 

0 

1.30 

P t p / P o  
0 

sabots.  

Plastic  model 

Aluminum  model and sabot 

Figure 4. 

0 IO 20 30 40 50 

Time,  milliseconds 

Figure 3. 

RADIOMETRIC  INSTRUMEClPTATION 

Description 

The radiat ion  emit ted from t h e  model shock  layer was measured  with a 
va r i e ty  of radiometers  consisting of both  broadband  photomultiplier  detectors 
and a s e r i e s  of e ight  narrow-band  radiometers  consisting of photomultiplier,  
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narrow-band o p t i c a l  f i l t e r  combi- 
nations.  The r e l a t i v e   s p e c t r a l  
response  of  the  radiometers i s  
dep ic t ed   i n   f i gu re  5, which a l s o  
shows a typical  spectrum  from air I I 

i n  thermodynamic  and chemical 
equilibrium  from  reference 4. 

Broadband  rodiorneter 
6 - 5  response) Narrow-band  radiometer 

The instruments  viewed  the Typical  equilibrium  spectrum 

T =  8.000.K model at r i g h t   a n g l e s   t o   t h e  
fl ight  path  through  narrow s l i t  Mcyerott, et al.  (ref. 4) 
assemblies as i s  shown approxi- cmsP 

mately t o   s c a l e   i n   f i g u r e  6. S l i t  
widths of 7 mm i n   t h e   p i l o t   f a c i l -  
i t y  and 1-3 mm in   t he   p ro to type  
f a c i l i t y  were  chosen t o  a l low  suf-  
f i c i e n t   s p a t i a l   r e s o l u t i o n   t o   d i f -  
fe ren t ia te   the   shock- layer   rad ia t ion   F igure  5 .  
from tha t  of t h e  wake. Included  in  
f igu re  6 i s  a typical  phototube  out - 
put  oscilloscope  trace,  along  with a 
s e l f  -luminous  photograph  (exposure 
time, 0.05 microsecond)  of a model 
i n   f l i g h t .  The narrow-band  radiom- Region  of partial view 

e t e r s  and  one  broadband  radiometer 
were mounted on t h e   p i l o t   f a c i l i t y  
as shown in f igu re  1. Six  broad- 

p/po = 1.0 

I I I I 
.6 .8 I .o 1.2 

Wavelength,  microns 

Self-luminous picture 
Of model in flight 

Region of clear view 

band radiometers  were  located  along Polycarbonate  model 

t h e   p r o t o t y p e   f a c i l i t y   t e s t   s e c t i o n  
as depic ted   in   f igure  2.  

Shoc Woke 

Calibrat ion loyer 

In tens i ty   o f   the   rad ia t ion  
observed  during  the  experiments w a s  
es tabl ished by ca l ib ra t ion  of t h e  
radiometers  with a radiant   source of 
known absolu te   spec t ra l   in tens i ty .  
The source was a tungsten  r ibbon f i l  4 - Slit 

Filter 

- 
ament lamp ca l ib ra t ed  by the  Nat ional  
Bureau of Standards  (cf .   ref .  12). Photo  tube 

Response  of a radiometer t o   t h e  
standard lamp is given by 

Aluminum model 

-Shock 
loyer 

Time "t 

e = K J, R A ~  
Figure 6. 
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where e i s  measured  radiometer  output i n   v o l t s ,  K i s  t h e   c a l i b r a t i o n  
constant   in   vol ts /wat t  , Rh i s  the   r e l a t ive   spec t r a l   r e sponse  of the  radiometer  

watts/micron. The value of K i s  inverse ly   p ropor t iona l   to   the   square  of t h e  
d is tance  from the  source  to  the  photocathode  of  the  radiometer.  To check t h i s  
proport ional i ty   the  radiometers   were  cal ibrated at var ious  dis tances ,   includ-  
ing ,   for  some radiometers ,   the   dis tances   actual ly   used  during  tes t ing.   For   the 
broadband  radiometers, Rh i s  the  response of the  phototube  alone  and was 
obtained  from  manufacturer 's   l i terature.   For  the  relatively  narrow-band 
radiometers, Rh i s  given by 

@A- = 1) , and LA i s  the   spec t ra l   ou tput  of the   s tandard  lamp i n  

where TA i s  the   absolu te   spec t ra l   t ransmiss ion  of t h e  narrow-band o p t i c a l  
f i l t e r ,  and Rh' i s ,  in   this   expression,   the   phototube  response.   Opt ical  
transmission of t h e   f i l t e r s  was obtained by comparing  response of a phototube 
i r rad ia ted   wi th  a monochromatic l i g h t  beam with  and  without   the  f i l ter   present .  
A t  short   wavelengths,   scattering of l i gh t   w i th in   t he  monochromators i s  t rouble-  
some, and, on occasion,  several  monochromators i n   s e r i e s  were  used t o   o b t a i n  a 
pure monochromatic beam. 

When the  radiometers  observe  the model  shock layer ,   the   response i s  

e = K mRhW?, d h  

where Why watts/micron, i s  the   spec t r a l   r ad ian t   f l ux  from t h a t  port ion of t h e  
model shock  layer  in  view of the  radiometer .  For t h e  narrow-band  radiometers, 
approximations to   t he   va lues   o f  Wh were  obtained by l e t t i n g  

Thus, Wh was assumed t o  have a single  value  over 

d h  (4) 

the  bandpass  of  the f i l t e r .  

REYIEW OF THEORETICAL PREDICTIONS 

Equilibrium A i r  Radiation 

For  completeness, we have  included  here a very  br ief  and s impl i f ied  
review  of  the work t h a t  has  been  done t o  develop  predict ions  for   the  intensi ty  
of  thermal  radiation  from a i r  i n  thermochemical  equilibrium.  Predictions  have 
been made by a number of   invest igators ,   which,   while   differ ing  in  some of   the 
d e t a i l s ,  have  produced r e su l t s   i n   r ea sonab le  agreement , usually  within a fac - 
t o r  of 2.  We w i l l  no t   p resent ly   inves t iga te   in  any de ta i l   t he   r easons   fo r   t he  
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remaining  differences,  but w i l l  confine our remarks t o  (a) a br ie f   descr ip t ion  
of how the   rad ia t ion   pred ic t ions   a re   genera ted ,  and (b )  a graph  of  existing 
r e s u l t s  as a funct ion of  temperature  and  density  of  the  radiating  gas.  

The process  of  developing  theoretical   predictions  consists of ca lcu la t ing  
t h e   r a d i a t i o n   i n t e n s i t y  from a uni t  amount of  each  species  present,  and  then, 
with knowledge of the  equilibrium  composition  of  the air ,  adding up the   var ious  
c o n t r i b u t i o n s   t o   o b t a i n   t h e   t o t a l   r a d i a t i o n .  The determination  of  the  radia- 
t i v e   i n t e n s i t y  as a funct ion of  temperature  from a par t icu lar   spec ies  i s  math- 
emat ica l ly   d i f f icu l t  and  has l ed   t o   va r ious   s imp l i f i ca t ions   and ,   i n  most cases ,  
t o   t h e   n e c e s s i t y  of  determining  experimentally  an unknown parameter i n   t h e  
equat ions   for   the   in tens i ty .  For example, t h e   r a d i a t i v e   i n t e n s i t y  from a s i n -  
g l e   e x c i t e d   e l e c t r o n i c   s t a t e  of a molecule  can  be  expressed as (see,   e .g . ,  
r e f .  13) 

E - Pnhv 

where E i s  t h e   r a d i a t i v e   i n t e n s i t y ,  P i s  the   t r ans i t i on   p robab i l i t y  
(Einstein A coe f f i c i en t )  of   an  e lectronic   t ransi t ion,  n i s  t h e  number of 
molecules in   t he   exc i t ed   e l ec t ron ic   s t a t e ,  h i s  Planck's  constant,  and v i s  
the  f requency  of   the  resul tant   radiat ion.  The t r a n s i t i o n   p r o b a b i l i t y ,   i n   t u r n ,  
may be approximated by 

where P has now been  factored  into  three components r e l a t e d   t o   t h e   e l e c t r o n i c ,  
v ibra t iona l ,   and   ro ta t iona l   exc i ta t ion  of the  molecule. A l l  but one of t h e  
components of the  probabi l i ty   funct ion  can  be computed from  reasonable models 
of the  molecular   s t ructure  by use  of wave mechanics.  Usable  values of t h e  
remaining  t ransi t ion  probabi l i ty ,   the   e lectronic  f number, have  thus far only 
been  determined  from  experiment. A mu l t ip l i c i ty  of  such  expressions must be 
summed, usual ly   with  s implif icat ion as t o   t h e  wavelength  structure  of  the 
rad ia t ion ,   to   ob ta in   an   es t imate  of t h e   t o t a l   r a d i a t i o n  from a given  molecular 
species.  Radiation  caused by t h e   i n t e r a c t i o n  of f ree   e lec t rons   wi th   neut ra l  or 
ion ized   par t ic les   ( so-ca l led   f ree- f ree  or free-bound  sources) i s  normally 
approximated  with  the well-known c l a s s i c a l  Ki-amer's formula   (c f .   re f .  1 4 ) .  The 
adjustable  parameter  here i s  the   e f fec t ive   charge  Z of   the  par t ic le   involved 
i n   t h e   i n t e r a c t i o n .  Again, Z can  be  adjusted t o  f i t  experiment t o   t h e o r y .  
The available predict ions for equilibrium a i r  r ad ia t ion  are t h e r e f o r e ,   i n  a 
sense,  hybrid i n   t h a t   t h e y   c o n s i s t  of a mixture  of  theory  and  experiment. 

It should  be  remarked  that  the  species  causing  the  predominant  radiation 
varies  with  temperature.  For example, a t  temperatures  of 5,000' t o  7,000° K, 
t h e  NO-beta and NO-garmna molecular bands  have la rge   cont r ibu t ions ;  at tempera- 
t u r e s  of 7,000' t o  9,000' K, t h e  N2+-first negative  molecular band i s  impor- 
t a n t ;  whereas  increasing  ionization at temperatures  above 10,OOOo K causes 
f r ee - f r ee  and  free-bound  radiation  from  the  neutral   and  ionized atoms  of N 
and 0 t o  have a l a r g e   c o n t r i b u t i o n   t o   t h e   t o t a l   r a d i a t i o n .  
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Figure 7 presents   th ree   ava i lab le   p red ic t ions   for   equi l ibr ium  rad ia t ion  as 
a function  of  the  temperature  and  density of the   rad ia t ing   gas   t aken  from ref-  
erences 3, 4, and 15. The f igu re  was produced by (a)  r ead ing   d i r ec t ly   f i g -  
ures 1 and 2 of reference 3 and  not ing  that   the   quant i ty   plot ted i s  one-half 
t h e   t o t a l   r a d i a t i o n ,  E+, ( b )  mult iplying  the  absorpt ion  coeff ic ients  of r e f -  
erence 4 by Planck's  black-body  function  and  integrating  the  results t o   o b t a i n  
t h e   t o t a l   r a d i a t i o n ,  and (c )   read ing   d i rec t ly   f igure  3 of reference 15 and 
not ing  that   the   quant i ty   plot ted must be mult ipl ied by 4rr t o   o b t a i n   t h e   t o t a l  
rad ia t ion ,  E t ,  i n  watts/cm3.  These predict ions  are   understood  to   be  for   radia-  
t i o n  from  an op t i ca l ly   t h in   gas  sample; no self-absorpt ion of t h e   r a d i a t i o n  i s  
considered. 

Inspection of t h e   f i g u r e  shows tha t   t he   t h ree   p red ic t ions   a r e   i n  fair  
agreement. In   general ,   greater   dif ferences  exis t  at the  highest   temperatures 
f o r  a l l  dens i t ies  and a t   the   lowes t   dens i t ies   for   a l l   t empera tures  shown. It 
should be  remarked,  however, t ha t   t he   ea r ly   r e su l t s   g iven   i n   r e f e rence  3 a r e  
now considered by the   au thors   thereof   to   be  somewhat too   h igh   ( re f .  16) a t   t h e  
highest  temperatures shown. 

The va r i a t ion  of   with  temperature   and  densi ty   indicates   that   in   the 
cent ra l   reg ion  of t he   f i gu re   t he   r ad ia t ion   va r i e s   a s  p1*3 and T I 2 .  At t he  
highest  temperatures shown, the  temperature dependence  has  dropped t o  T8. It 
should  be  remarked tha t   t he   dens i ty  dependence  quoted  above i s  obtained  for  
constant  temperature of t he   r ad ia t ing   gas .  A d i f f e ren t  exponent i s  appropri-  
a t e ,  as w i l l  be shown l a t e r  when the   ve loc i ty  of t h e  shock-wave heat ing  the  gas  
i s  held  constant.  

Nonequilibrium A i r  Radiation 

Nonequilibrium  radiation  greater  than  the  equilibrium  intensity  levels 
has become a well-recognized  feature of photometric  observations of  high-speed 
shock-wave s t ructure ,   both  in  shock  tubes  (cf.   ref.  17) and i n   b a l l i s t i c   r a n g e s  
( c f .   r e f .  6 ) .  A sat isfactory  theory  capable  of predicting  the  magnitude of 
this  nonequilibrium  radiation  has  not  yet  been  developed. On the   o ther  hand, 
cer ta in   fea tures  of t h e   r a d i a t i o n  have  been  measured  and a descr ip t ive  model of 
t he   r ad ia t ive   p rope r t i e s  of the  nonequilibrium zone behind a normal  shock  has 
been  proposed by workers a t  Avco-Everett  Laboratories (refs. 17, 18, and 19). 
Further,  extensive  computations (machine-programmed) leading t o  estimates  of 
t h e  thermodynamic  and  chemical propert ies  of the  nonequilibrium zone, behind 
both  normal  shocks  and  vehicle bow shocks,  have  been  developed at Cornel1 
Aeronautical   Laboratories  (cf.  ref. 20). 

Figure 8 i s  a schematic  representation of the  nonequilibrium zone  model 
behind a normal  shock wave, showing the   va r i a t ions  of temperature,  density, 
and r ad ia t ive   i n t ens i ty  as functions of distance  behind  the shock f ron t .  
Directly  behind  the shock front   very  high  t ranslat ional   temperatures   exis t ,  
approaching  the  values  in a perfect  gas.  The density jump across   the  shock 
f ron t  i s  in i t ia l ly   c lose   to   the   per fec t   gas   va lue .   Fur ther  downstream, 
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e lec t ronic   exc i ta t ion ,   v ibra t ion ,  
dissociat ion,   ionizat ion,   and  formation 
of new spec ie s   t ake   p l ace   un t i l   t he  
thermochemical  equilibrium  conditions of 
the  gas   are   f inal ly   reached.   During 
these  overlapping  processes,  loss of 
energy  f rom  the  t ranslat ional  mode 
reduces   the   t rans la t iona l   t empera ture  
and  the  temperature and density  approach 
the  equi l ibr ium  values .  The high  tem- 
peratures  existing  near  the  shock  front 
cause a strong  radiation  overshoot,  as 
depic ted   in   the   f igure .   There  i s  an 
exc i t a t ion   t ime   fo r   t he   r ad ia t ion   t o  
bui ld  up t o  i t s  peak  value,  believed t o  
be c lose ly   r e l a t ed   w i th   t he  time 
requi red   to   popula te   exc i ted   e lec t ronic  
s ta tes ,   and  then a relaxation  (or  decay) 
t i m e   f o r   t h e   r a d i a t i o n   t o  decay t o   t h e  

equi l ibr ium  level .  It i s  argued in   r e f e rence  17 tha t   the   major i ty   o f   the   co l -  
l i s ions   exc i t i ng   e l ec t ron ic   s t a t e s   a r e   b ina ry  (two-body c o l l i s i o n s ) .  The num- 
ber  of  coll isions  per  unit  volume thus   var ies  as the  square of t h e   p a r t i c l e  
densi ty .  However, the   th ickness  of t he   r eac t ion  zone var ies   inverse ly   wi th   the  
dens i ty ,   l ead ing   to   the   re la t ions   depic ted  on the   f i gu re ;  namely, (a) t h e  peak 
rad ia t ion ,  Ep, var ies   with  densi ty ,  and (b )   t he   exc i t a t ion   d i s t ance ,  6 ~ ,  and 
the   re laxa t ion   d i s tance ,  6 ~ ,  vary  inversely  with  the  densi ty .   These  re la t ions 
t h e n   l e a d   t o   t h e   r e s u l t   t h a t   t h e   t o t a l   r a d i a t i v e   o u t p u t   i n  watts/cm2 ( i . e . ,   an  
in tegra t ion  of the   rad ia t ion   over   the   reac t ion  zone, 6 ~ )  per   un i t   f ron ta l  area 
of   the normal  shock w i l l  be  independent  of  density.  This  result  applies 
approximately when t h e  peak r ad ia t ion ,  Ep, i s  l a rge  compared wi th   the   equi l ib-  
rium leve l ,  and as long as binary  coll ision  processes  are  predominant.  mi- 
dence  support ing  this   descr ipt ive model can  be  found in   r e f e rences  18 and 19. 
It i s  a l s o   c l e a r  from the  f igure  that   the   nonequi l ibr ium  radiat ion  overshoot  
becomes  more pronounced when free-stream  density i s  decreased,  because  the 
l e v e l  of equilibrium  radiation  varies  approximately  with p Ia7 ,  at constant 
ve loc i ty  ( ref .  6 ) ,  whereas the  overshoot  magnitude  varies  with p. 

NARROW -BAND RADIOMETER RESUUS 

The osci l loscope  records  f rom  the  radiometers   (see,   e .g . ,   f ig .  6 )  may be 
in t e rp re t ed  as follows: The f irst  pulse   represents   radiat ion  f rom  the model 
shock  layer. The second  pulse i s  t h e  wake. The approximate  level  portion  of 
t h e  f irst  pulse i s  t h e   s t a y  time of t h e  shock  layer  in  the  f ield  of  complete 
view,  and the   s low  r i s e  of the   s igna l   dur ing   th i s   per iod  i s  associated  with 
rad ia t ion   a long   the  model s ides  coming i n t o  view.  This  interpretation i s  con- 
sistent  with  t iming  information  obtained  from shadowgraphs  of t h e  model f l i g h t  
and t h e   r a t e  of sweep of   the  osci l loscope  records.   Further ,   t races  from  obser- 
va t ion  of p l a s t i c  models d i sp lay   the   s low  r i se ;  aluminum  models  do not.  This 
r i s e  has  been in t e rp re t ed  as t h e   e f f e c t  of ablation  vapors  f lowing  along  the 
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cylinder model edge ( ref .  21) . 
Measurements of t h e   r a d i a t i o n  
from t h e  model shock  layer  were 
made from t h e   t r a c e s  at t h e  
beginning  of  the slow rise. 

Presented   in   f igure  9 and 
selected from t h e  many which were 
obtained are low resolut ion  spec-  
t r a  provided by t h e  narrow-band 
radiometers. The observed  radia- 
t i on ,  WA, i s  p lo t t ed  as a function 
of  wavelength A fo r   s eve ra l  
ve loc i t ies ,   f ree-s t ream  dens i t ies ,  
and model mater ia ls .  A l i n e  has 
been drawn through  the symbols t o  
represent  the  spectrum.  Since it 
was not  always poss ib l e   t o   expe r i -  
mentally  repeat  velocit ies  exactly,  
sl ight  adjustments  in Wh have 
been made t o   c o r r e c t   t h e   d a t a  on 
any given   f igure   to   the  same r e f -  
erence  velocity.  The correct ion,  
never  exceeding 9 percent,  was 
deduced  from the   genera l   t rend  of 
the  data   with  veloci ty .  The mate- 
r ials of  which t h e  models  were 
machined were aluminum, polyet  hyl-  
ene ( t r ade  name, F o r t i f l e x ) ,  
General   Electric 124 and  l23b 
(epoxy materials  intended t o  per - 
form as char r ing   ab la tors ) ,  and a 
polycarbonate  ( trade name, Lexan). 
The spec t ra  were s e l e c t e d   t o  show 
the   e f f ec t  of  density at a veloc - 
i t y  near 6 km/sec  where many 
spectra  were avai lable .  The addi-  
t ional  spectrum at 10.2 km/sec w a s  
included t o  show ve loc i ty   e f fec t .  

Included on the   f i gu res   a r e  
theore t ica l   p red ic t ions  for t h e  
observed  radiation, WA, obtained 
from the  equi l ibr ium air  r ad ia t ion  
calculat ions of Meyerott, e t  al .  
( r e f .  4) and  Kivel  and  Bailey 
( r e f .  3 ) .  Bas ica l ly ,   the   equi l ib-  
rium predict ion for WA i s  
obtained by calculat ing  the  equi  - 
l ibrium thermodynamic values  of 
temperature  and  density  in  the bow- 
shock-layer  region,  assigning 
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values of r a d i a t i v e  
i n t e n s i t y   t o  each volume 
element,  and  then  inte- 
grat ing  over   the volume 
i n  view  of t h e  radiom- 
eter.  Details of t h i s  
process,  in,cluding  the 
appr  oximat i ons made, a r e  
described  in  appendix A. 

Figure 9 brings t o  
a t ten t ion   cer ta in   sys  - 
t emat ic   e f fec ts  which a r e  
remarked upon  below: (a) 
the  experimental   spectra  
i n   t h e   u l t r a v i o l e t ,  0.2 
t o  0.5 micron, i s  c lose ly  
comparable f o r  a l l  model 
mater ia l s   for  a given 
s e t  of f l igh t   condi t ions .  
An exception i s  polycar - 
bonate at low f l ight   den-  
s i t i e s .  ( b )  I n   c o n t r a s t ,  
t h e   r a d i a t i v e   i n t e n s i t y  
i n   t h e   i n f r a r e d ,  0.5 t o  
1.0 micron,  depends 

s ign i f i can t ly  upon model mater ia l .   Polycarbonate   exhibi ts   the   higher   values  of 
radiation,  whereas aluminum exh ib i t s   t he  lower  values.  (e) The t h e o r e t i c a l  
predict ions of Wh compare favorably,  both  from  the  standpoint of spec t r a l  
shape  and intensi ty ,   wi th   the  experimental   spectra   in   the  ul t raviolet  at t h e  
higher   f l ight   densi ty ,   f igure g ( a ) .  The comparison  degenerates at 6 km/sec 
as   the  densi ty  i s  lowered. The reason   for   the  low estimate at low f l ight   den-  
s i t i e s   g iven  by the  equilibrium  theory  has  been  previously  recognized ( ref .  6 )  
as due t o   t h e  appearance  of  predominant  nonequilibrium  regions i n   t h e  shock 
layer of t h e  model and  consequent  increase of r ad ia t ive   i n t ens i ty .  

To explain some of the   no ted   charac te r i s t ics  of the  experimental   spectra  
discussed  above,  calculations  were made of t h e  model heat ing  t ransient   during 
fl ight,   taking  into  account  both  convective and radiat ive  sources .  The r e s u l t s  
i n d i c a t e   t h a t   t h e  aluminum  model surface i s  not  melting or ablat ing  (surface 
temperature  less  than  about 935' K )  when t h e  model passes  the  radiometers.  
Thus, it i s  reasoned  that   this  spectrum i s  representa t ive  of air rad ia t ion .  On 
the  other  hand, calculat ions show t h e   p l a s t i c  models a re   ab la t ing   and ,   in   fac t ,  
t e s t s   d e s c r i b e d   i n   d e t a i l   i n   r e f e r e n c e  21  have shown tha t   t h i s   excess ive   i n f r a -  
r ed   r ad ia t ion  most probably i s  emitted by ablat ion  products   in   the  surface 
boundary layer.   Therefore,  it i s  concluded t h a t   t h e  spectrum  observed i n   t h e  
u l t r av io l e t ,  from 0.2 t o  0 .5  micron,  for a l l  model materials,  except  polycarbo- 
nate,  i s  due t o  air  s ince   t he  agreement among the  present  experiments  and  theory 
at h igh   f l igh t   dens i t ies  i s  excel lent .   In   contrast ,   the   major i ty   of   radiat ion 
observed i n   t h e   i n f r a r e d  i s  considered due t o  sources  other  than air .  
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BROADBAND  RADIOMETER  RESULTS 

Equilibrium A i r  Radiation 

Observations  of model shock-layer   radiat ion were made with  broadband 
radiometers  for a wide  range  of  velocit ies  and  densit ies.  The S - 5  s p e c t r a l  
response  of  the  phototube  cathode material w a s  chosen  from  the  commercially 
ava i lab le   sur faces   in   o rder   to   observe  as much of   the   an t ic ipa ted  air r ad ia t ion  
as was possible.   Figure 5 depicted  this   spectral   response  and  contrasted it 
with  the  spectral   response  of  the  narrow-band  radiometers.  The broadband 
radiometer  measurements,  which a re   l i s ted   a long   wi th   the   f l igh t   condi t ions   and  
the  reduced  form  of   the  data   in   table  I, are   considered  c losely  representat ive 
of t h e  a i r  r ad ia t ion   p re sen t   fo r  two important  reasons  demonstrated  in  the  pre- 
vious  section: (a) most of the   in tense  air  rad ia t ion   occurs   in   the   spec t ra l  
range  from 0.2 t o  0.5 micron,  the  response  range  of  the  broadband  radiometer, 
and ( b )  the  extraneous  radiat ion  present ,  when ab la t ing   p l a s t i c  models  were 
observed  (except  polycarbonate), i s  concent ra ted   in   the   in f ra red   spec t ra l  
range,  above 0.5 micron.  There i s ,  therefore ,  a good spectral   separat ion  of  
t h e  two sources   of   radiat ion.   Further ,   to  make the  present  broadband  results 
more useful  and  convenient  for  correlation and  comparison  with  other work and 
with  theoretical   predictions,   the  observations  have  been  reduced  to  represent 
a measure  of t h e   t o t a l   r a d i a t i o n  from a uni t  volume of  gas  directly  behind  the 
normal bow shock  of t h e  model. This   reduct ion  requires  two s teps;  namely, (a) 
co r rec t ion   fo r   t he   po r t ion   o f   t he   t o t a l   spec t r a l   r ad ia t ion   no t   s een  by t h e  
broadband  radiometer,  and ( b )  d iv is ion   of   the   rad ia t ive   in tens i ty   in  watts by 
an  equivalent volume of a i r  behind a normal  shock wave a t  the   t es t   c 'ondi t ion .  
These two reduct ion   s teps   a re   d i scussed   in   tu rn  below. 

The f r ac t ion ,  F, of t he   t o t a l   r ad ia t ion   p re sen t   r e sponded   t o  by t h e  
broadband  radiometer i s  given by 

~ w R h w h  dh 
F =  

Values of F were  determined  with  experimental  spectra  from  narrow-band 
radiometer   tes t   resul ts   obtained from t h e   f l i g h t  of aluminum models. The 
experimental   spectra were a rb i t r a r i l y   t e rmina ted  at 0 .2  and at 1.0 micron. 
For f l igh t   condi t ions  where  no  aluminum  model spec t ra  were ava i lab le ,   theore t -  
i ca l   va lues   o f  F were u t i l i z e d ,  as computed from the  equi l ibr ium air  r ad ia -  
t i on   p red ic t ions  of  Meyerott, e t  a l .  ( r e f .  4). The predicted  values  of EA 
instead  of Wh were  used in   the  computat ions,   and  the  spectral   range  of   inte-  
gration  extended  over a l l  nonzero  values  of EA. The values  of F, obtained 
from the  experimental   spectra  and from the   t heo re t i ca l   spec t r a   fo r  a f l i g h t  
veloci ty   near  6.4 km/sec and a t  var ious   dens i t ies ,   a re  compared  below: 



P,/ PO Fpr  edi  ct  ed  Fexper  iment 

0.19 0.71 0.61 
.076 -67 58 
.019 .62 .66 
.006 .60 .64 

While f o r  one  speed  only,  the  above  comparison  indicates  that  the computed 
values  are  reasonably  accurate,   even  for  cases a t  the  lower  densi t ies  where 
most of t h e   r a d i a t i o n  i s  emitted by p a r t s  of t h e   f l o w   f i e l d   t h a t   a r e   n o t   i n  
thermodynamic  and chemical  equilibrium.  Nonequilibrium  radiation w i l l  be 
d i scussed   i n   de t a i l   i n   t he   nex t   s ec t ion .  

Calculation of the  equivalent  volume of uniform a i r  behind a normal  shock 
wave requires  determination of t h e   d i s t r i b u t i o n  of r e l a t i v e   r a d i a t i v e   i n t e n s i t y  
throughout  the  shock  layer. The e f f e c t i v e  volume  can  be  defined  mathematically 
with  the  formula 

veff = S , E  av, cm3 

where the   in tegra l   represents   the   to ta l   rad ia t ion   be ing   emi t ted   f rom  the  por- 
t i o n  of t h e  shock  layer  in  view  of  the  radiometer,  and i s  t h e   r a d i a t i v e  
intensi ty   behind a normal  shock wave at the  specified  conditions.   Numerical 
va lues   fo r   t he   e f f ec t ive  volume f o r  shock layers   in   equi l ibr ium were  found by 
the  reduction  procedure  described  in  appendix B.  

The procedure i s  e s sen t i a l ly   i den t i ca l   i n   bas i s   t o   t he   p rocess   u sed   fo r  
ca lcu la t ing   the   theore t ica l   va lues   for  Wh previously shown on f i g u r e  9, where 
excellent  correspondence  between  experiment  and  theory w a s  obtained.  Further,  
measurements of t h e   d i s t r i b u t i o n  of equi l ibr ium  radiat ion  in   shock  layers ,  
d i r e c t l y  as repor ted   in   re fe rence  22 and ind i r ec t ly  as repor ted   in   re fe rence  23, 
show tha t   ca l cu la t ions  as used  herein  predict   d is t r ibut ions  in   c lose  agreement  
with  experiment. 

The r e s u l t s  of the  calculat ions  presented  in   appendix B i n d i c a t e   t h a t   t h e  
e f f ec t ive  volume depends upon t h e  R/d of t h e  model, upon free-s t ream  veloci ty  
t o  some ex ten t ,   and   ve ry   l i t t l e  upon free-s t ream  densi ty .  A t y p i c a l   v a r i a t i o n  
of t h e   r a t i o  of e f f ec t ive  volume t o   t h e   t o t a l  volume of  the  shock  layer  for 
R/d = 0.714 i s  from 0.34 t o  0.25 as velocity  increases  from 6.1 t o  11.0 km/sec. 

I n  summary, the   va lue  of Et i s  derived from the  data   with  the  equat ion 

The values of Et, determined  from  the  broadband  radiometer  tests,  performed 
i n   b o t h   t h e   p i l o t  and   pro to type   fac i l i t i es ,   a re   p resented   in   t ab le  I. Fig-  
ure  10 displays a se lec ted   por t ion  of t h e   r e s u l t s ,   r e s t r i c t e d   t o   h i g h   f l i g h t  
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dens i t ies  so  that  only  observations  of  shock  layers which are  considered 
predominantly i n  thermodynamic  and  chemical  equilibrium are  included. The den- 
s i t y  above which r e s u l t s  were considered  in  equilibrium wa6 deduced  from t h e  
present   resu l t s  as w i l l  be shown subsequently  and  varied from p,/po = 8 x 1 0 ~ ~  
at a velocity  of 6 km/sec t o  about p,/po = 2 ~ l O - ~  a t  11.0 km/sec.  The f igu re  
shows t h e   e f f e c t s  on t h e   r a d i a t i v e   i n t e n s i t y  of several   parameters:   velocity,  
density,   and  the  material  of  which t h e  models  were  machined. The in t ens i ty  of 
rad ia t ion  i s  presented  with  the  normalizing  factor ( P / P ~ ) ~ * ~ ,  since  both  the 
experiments  and the  equi l ibr ium  radiat ion  predict ions shown ind ica t e   t ha t   t he  
intensi ty   should  vary  approximately  to   this  power of the  shock-layer  density at 
a constant   veloci ty .  The three   p red ic t ions   a re  shown f o r   t h e  median shock- 
layer  density at which the   da t a  were obtained at any given  velocity.   This 
method of  presentation  allows a convenient  and d i r ec t  comparison  between t h e  
experimental   results and the  equilibrium  predictions.  

The f igu re   b r ings   t o   a t t en t ion   s eve ra l   i n t e re s t ing   po in t s  which should  be 
remarked upon. The predictions  of  Kivel  and  Bailey,  and  Meyerott, et a l .  
(refs. 3 and 4) are in   exce l l en t  agreement  with  the  experimental results i n   t h e  
lower  speed  range of 5.5 t o  7.0 km/sec. This result i s  not   surpr is ing,   s ince 
the  predict ions are basically  dependent upon shock-tube  results which  were 
obtained  under  essentially similar conditions  of  gas  temperature  and  density. 
Such a comparison i n   f a c t  shows pr imari ly   that   the   present   experimental   techni-  
ques  and the  shock-tube  techniques  give  closely  comparable results. A t  t h e  
higher  velocit ies,   approaching and  beyond Earth  escape  speed, it appears   that  
t h e  mean of the   exper imenta l   resu l t s   t ends   to   suppor t   the   h igher   p red ic t ions  of 



Kivel  and  Bailey. It must be  remarked,  however, t h a t   t h e   s c a t t e r   i n   t h e  
experimental   results i s  large,   and  the  lack of extensive  data  above  Earth 
escape  speed makes it d i f f i c u l t   t o  choose among the   p red ic t ions .  

Another fea ture  of t he   da t a  shown on f i g u r e  10 i s  the   l ack  of any 
systematic  change i n   t h e  measured equi l ibr ium  radiat ion as a funct ion of t h e  
model material .   This  fact   supports  the  previous  conclusion  that   ablation  pro- 
ducts  radiation fa l ls  outside  the  spectral   response  region  of  the  broadband 
radiometer. 

I n  summary, we can  see  from  the  f igure  that   the  comparisons shown suggest 
t h a t  a reasonably  quant i ta t ive  def ini t ion  of   the  intensi ty  of equilibrium 
radiation  has been  obtained  for  conditions  corresponding t o   f l i g h t   v e l o c i t i e s  
up t o  12.4 km/sec. Greater  spectral  coverage,  along  with more precise   control  
of  experimental  conditions  are  required, however, t o  improve the  accuracy  with 
which we can   pred ic t   equi l ibr ium  rad ia t ion   in tens i t ies  a t  the  higher  speeds.  

Nonequilibrium A i r  Radiation 

When free-stream  density i s  lowered beyond a cer ta in   l eve l ,   excess  
rad ia t ion ,  above that  expected  for  an  equilibrium  shock  layer,  i s  observed. 
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This i s  shown  by the   p lo t  of 
broadband  radiometer  results as a 
function  of  free-stream  density 
f o r  a velocity  of 6 .4  km/sec 
g iven   in   f igure  11. Experimental 
values  of Webs a r e  compared 
with  equilibrium  predictions for 
webs computed from references 3, 
4, and 15, uti l iz ing  values   of  F 
and Veff i n   t h e  formula 
webs = FVeffEt as  preViOUS1y 
described. The data have  been 
c o r r e c t e d   t o  a common ve loc i ty  by 
applying small correct ions,   pro-  
p o r t i o n a l   t o  Vas, as deduced 
from the   genera l   t rend  of t h e  
data   with  veloci ty .  A departure 
of t h e  measurements  from t h e  
equilibrium  prediction i s  evident 
at f ree-s t ream  densi t ies  below 
about p, /po = T x ~ O - ~ .  Contrary 
t o  what might  be  expected  from 
consideration of the  nonequilib - 
rium zone  model discussed  earlier,  
the   va lue  of Webs does  not show 

I the  expected  approach t o  a con- 
IOo s tan t   va lue  as density i s  reduced. 

Instead a continuous  decay  with 
decreasing  density is observed. 
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I This  behavior  can  be  explained i n  a simple 
manner by cons ide r ing   t he   r ad ia t ion   d i s t r i -  Expansion 

bu t   i on   i n   t he  shock l aye r  as shown i n   f i g  - 
ure 12. The f i g u r e   d e p i c t s   t h e  change i n  
the   s t reaml ine   rad ia t ion   pa t te rn  as a func- 
t i o n  of  streamline  posit ion  along  the  shock 
f ron t  and  truncation of t h e   r a d i a t i o n  by 
the  corner  expansion  fan. A s  t he   dens i ty  
is  reduced, the  length  of   the  nonequi l ibr ium 
zones  continuously  increase  unti l   the time shock 

requi red   for   the   f low  a long   s t reaml ines   to  
reach  equilibrium  conditions becomes g rea t e r  
than  the  res idence time of t h e   g a s   i n   t h e  
shock layer.  Smaller  and smaller por t ions  
of the  nonequilibrium  zones exist i n   t h e  bow Figure 12. 
shock l aye r  and the   t o t a l   r ad ia t ion   obse rved  
should  decrease  continuously  with  density  instead  of  taking on a f ixed  and 
constant  value. It can  be  fur ther   remarked  that   the   radiat ion from the   gas  
leaving  the  shock  layer  through  the  expansion  fan a t  t h e  model corner i s  
quickly  quenched,  even a t  low dens i t ies .   This  i s  evidenced by radiometric 
measurements  of t h e   f l i g h t  of  nonablating aluminum  models  showing no increase 
i n   r a d i a t i o n  when t h e   s i d e s  of t h e  model come i n t o  view (see, e . g . ,   f i g .  6 ) .  

The v a r i a t i o n  of t h e  observed  radiation as a funct ion of free-stream 
density at low dens i t i e s   l eads   t o   compl i ca t ion   i n   t he   eva lua t ion  of t h e   r a d i a -  
t i v e   i n t e n s i t y  from the  truncated  nonequilibrium  zone. Now it i s  d e s i r e d   t o  
(a)  eva lua te   the  magnitude  of r ad ia t ion  from the  nonequilibrium  zone, ( b )  com- 
pare   the  results with  those  obtained  in  one-dimensional  f low ( i . e . ,  shock-tube 
resu l t s ) ,and   (c )   p rovide  a bas is   for   es t imat ing   the  magnitude  of  nonequilibrium 
r a d i a t i o n   f o r   f u l l - s c a l e   v e h i c l e s ,   i n   p a r t i c u l a r ,   t h e   f l u x   f a l l i n g  on t h e  body 
surface.  To sat isfy  these  requirements ,   the   experimental   observat ions were 
reduced t o   t h e  form 

- ~ R t - 6  
I = $jR E ( O , r ) d r ,  watts/cm2 

where t h e   i n t e g r a t i o n  w a s  performed  along the  stagnation  streamline  from  shock 
t o  body. Figure 13  is a sketch of t h e  body shock  layer  defining the  geometric 
symbols introduced  in   the  equat ion.  The symbol 
I r ep resen t s   t he   r ad ia t ive   f l ux   pe r   un i t   f ron ta l  
area emitted  either  upstream or downstream of t h e  
shock layer  from the   gas   loca ted   a long   the   ax is   o f  
symmetry. Immediately  apparent i s  the   c lose   ana l -  
ogy t o   t h e   r e d u c t i o n  of the  equi l ibr ium  data  where 
E t  was evaluated,  since  very  nearly 

1 = r+) 6 ,  watts/cm2 (11) ‘Body 

Figure 13. 
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for  equilibrium  shock  layers.  An add i t iona l   des i r ab le   f ea tu re  i s  t h e   c l o s e  
r e l a t i o n s h i p   t o   t h e   f l u x   f a l l i n g  on t h e  body surface.  For  example, Wick i n  
reference 24 gives aR at  the   s tagnat ion   po in t   typ ica l ly  as 84 percent  of 
(Et/2)6  for  equilibrium  shock  layers.  

What fundamentally i s  required  for  the  .evaluation  of I from t h e  
experimental data is knowledge  of t h e   r e l a t i v e   d i s t r i b u t i o n  of r a d i a t i o n   i n   t h e  
nonequilibrium  shock  layer.   In  that  which follows we descr ibe   the  computa- 
t ional   technique  for   determining I from the  present  experimental   observations.  
Ins tead   of   an   e f fec t ive   rad ia t ing  volume  which w a s  used t o  aid i n   t h e   e v a l u a -  
t i o n  of  equilibrium  values of E t ,  we def ine   an   e f fec t ive   rad ia t ing   f ronta l  
area  with  the  expression 

Hence, 

For  nonequilibrium  shock  layers,   the  effective  area as def ined  in   equat ion (12)  
can  be  wri t ten  in   integral  form as 

where E ( B , r )  i n   t h e  volume in tegra l   represents   the   d i s t r ibu t ion   of   rad ia t ion  
i n   t h e  shock  layer. 

The in t eg ra l s  of  equation (15) were  evaluated  for one s e t  of f l i g h t  
conditions and for   three  values   of  R/d by establishing  an  approximation t o  
the   d i s t r ibu t ion  of r ad ia t ion  under  nonequilibrium  conditions by the  following 
process: (a)  It i s  assumed that  the  one-dimensional  nonequilibrium zone  model 
can be app l i ed   t o   s t r eaml ine   f l ow  in   t he  shock  layer by matching the   exc i t a t ion  
and  relaxation  t imes  of  the  nonequilibrium  radiation  pattern.  Thus,  along  any 
s t reaml ine   the   rad ia t ion   h i s tory  i s  given by E ( t )  from the  one-dimensional 
model and, in   par t icu lar ,   a long   the   s tagnat ion   s t reaml ine  from  shock t o  body 
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where u ( t )  i s  t h e   v e l o c i t y   d i s t r i b u t i o n .   ( b )  The  shock-layer  distribution Of 
s t reamlines   and  local  stream veloci ty   a long  s t reamlines  were determined  from 
t h e  results of  an  electronic machine  computing program1 designed t o   g i v e   t h e  
thermodynamic and  chemical  properties in   the  nonequi l ibr ium  shock  layer  of a 
hypersonic  vehicle.   (e)  Calculations were then  performed  along f ive  stream- 
l ines   c ros s ing   t he  bow shock a t  equal   intervals   of  0 .  For t h e  free-stream 
density  and shock s t rength  at the  beginning  of  each  streamline,   the  location 
of 6~ and 6~ was establ ished  f rom  the  exci ta t ion  and  re laxat ion times meas- 
ured  in   one-dimensional   f low  reported  in   reference 18. The normal  shock l ab -  
oratory times observed  during  the  referenced  experiments  were  converted t o  
ac tua l   res idence  times by an  es t imated  veloci ty   his tory  fa i red  through  the 
following three poin ts :  1/6 of   f ree-s t ream  veloci ty   (perfect   gas   theory)  
direct ly   behind  the shock f ron t  , 1-19 of  free-stream  velocity (assumed v ib ra -  
t iona l   equi l ibr ium)  a t  the   rad ia t ion   exc i ta t ion   t ime,   and  1/15 of free-stream 
velocity  (complete thermodynamic equilibrium) a t  and beyond t h e   r a d i a t i o n  
relaxat ion  t ime.  (d) Next an  approximate  nonequilibrium  radiation  distribu- 
t i o n  was  established along  each  streamline. T h i s  was done by al lowing  the 
r a d i a t i o n   t o  start  from  zero at t h e  shock f ron t ,   i nc rease   l i nea r ly   w i th  time 
t o  a value Ep a t  the   l oca t ion  &E, and   then   to   d iminish   exponent ia l ly   to  a 
value of 1.1 Eeq a t  the   l oca t ion  S,. Values  for Eeq, t he  equi l ibr ium  radia-  
t i o n   l e v e l ,  beyond the   loca t ion   of  S, along the  streamlines were obtained 
from an   equi l ibr ium  so lu t ion   for   the  shock layer.  Values  for Ep were chosen 
as appropr ia te   for  t h e  e f f ec t ive  shock s t rength  a t  the  beginning of each 
streamline.   Further , values   for  Ep were  not  immediately  available,  but were 
obtained by an   i t e r a t ive   p rocess .   Br i e f ly ,   t he  magnitude  and  velocity  depend- 
ence  for Ep were determined by noting  the  magnitude  and  velocity  dependence 
of I as determined  f rom  the  present   tes ts   and  adjust ing Ep u n t i l   t h e  com- 
puted  values   for  I agreed w i t h  observation. It was found tha t   the   express ion  
bes t   descr ib ing   the   va lue  of Ep over the  veloci ty   range  of  6 .4  t o  11.0 km/sec 
i s  

( e )  The r e su l t s   o f  t h e  s t reamline  plot t ing  process  were c r o s s p l o t t e d   t o   g i v e  
t h e   r a d i a t i o n   d i s t r i b u t i o n  as a function  of r for   f ixed   va lues   o f  0 ,  as 

l p a r t i c u l a r   r e s u l t s  from t h i s   " f i n i t e  ra te  bow-shock program" were kindly 
loaned t o   t h e   a u t h o r s  by Dr. C .  E.  Treanor  of  Cornell  Aeronautical  Laboratories, 
Inc.  The computations were f o r  a hemispherical body of O.5-cm nose  radius f l y -  
ing a t  V, = 9.75 lun/sec at p,/po = 2.25~lO-~. Reference 20 contains a 
descr ip t ion   of   the  computing  program  and r e su l t s   o f  similar computations. 
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then  used t o   g r a p h i c a l l y  
eva lua te   the   in tegra ls  of 
equation (15) . Correc - 
t i ons   fo r   t ha t   po r t ion  of 
t h e  shock layer  hidden 
from  view  of the  radiom- 
e t e r  were accounted  for by 
assuming t h e  same f r ac t ion  
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computed fo r   t he   equ i l ib -  
rium shock  layer  case.   In 
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Figure 14. 

any event ,   the   correct ion i s  not  large,   varying from 19 t o  28 percent of t h e  
t o t a l   r a d i a t i o n   p r e s e n t ,  depending upon t h e  R/d of t h e  model. 

The resul tant   values   for   Aeff ,   af ter   normalizat ion  with  the  spherical  
surface  area  of   the  model face,are  shown i n   t h e  second column  below f o r  a f r e e -  
stream  velocity of 9.75 km/sec, a free-stream  density of p,/po = 2.25~10'~~ 
and for  three  values  of R/d .  

Nonequilibrium,  Equilibrium, 

0.714  0.45 0.27 . go8 .61 .40 
1.200 a76 53 

Equivalent  values of A e f f / A t o t a l  for  an  equilibrium shock layer   a re  shown i n  
t h e   t h i r d  column f o r  comparison. A s  can  be  seen,  the  effective  areas  for  the 
nonequilibrium  shock  layer  are  larger,   the  greatest   difference shown here 
occurring  for R / d  = 0.714  and  amounting t o  an  increase  of 1.67. Fundamentally, 
changes i n   t h e   e f f e c t i v e   a r e a  from nonequilibrium t o  equilibrium  conditions 
r e f l e c t  a change i n   t h e   v a r i a t i o n   w i t h  8 of r a d i a t i o n   i n   t h e  model shock 
layer.  Thus,  the  nonequilibrium  shock  layer i s  p r e d i c t e d   t o  have  higher  rela- 
t i v e   l e v e l s  of r ad ia t ion  away from the  s tagnat ion  region  than  for   the  equi l ib-  
rium shock layer .  The direct   cause of these  higher   levels  as w i l l  be 
demonstrated  subsequently i s  t h e  lower  velocity  dependence  of  the  magnitude  of 
nonequilibrium  radiation  with  respect t o   t h e  magnitude  of  equilibrium  radiation. 

Since  the  calculat ions  for   nonequi l ibr ium  effect ive  areas  were  few i n  
number, va lues   for   o ther   ve loc i t ies  were  estimated. Below t h e  computed density 
for which 6~ = 3/48, a fixed  nonequilibrium  value was assigned.  This  value 
was obtained from t h e   r a t i o  of  equilibrium t o  nonequi l ibr ium  e f fec t ive   weas   in  
t h e  above t a b l e  and  from the   equi l ibr ium  e f fec t ive   a rea  computed f o r   t h e  same 
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density  and  velocity.  For 
intermediate  dens it ies , a 
smooth var ia t ion   o f   e f fec t ive  
area from t h e   e q u i l i b r i u m   t o  
the  nonequilibrium  value was 
assumed. 

The results of t h e  
evaluation  of I from t h e  
experimental  measurements  are 
presented   in   f igures  15, 16, 
and 17 as a funct ion of f r e e -  
stream  density a t  three   ve loc-  
i t i e s .   S i n c e   t h e  data were 
obtained at var ious   ve loc i t ies ,  
grouped  about  the  referenced 
values  noted, it w a s  necessary 
t o   c r o s s p l o t   t h e   r e s u l t s   i n  
order t o   o b t a i n   t h e   p r e s e n t a -  
t i o n s  shown. Included on t h e  
f igures   a re   the   equi l ibr ium 
radia t ion   pred ic t ions  from t h e  
previously  noted  sources   ( refs .  3, 
4, and 1 5 ) .  A band i s  sketched 
th rough   t he   da t a   po in t s   t o  show 
more c l ea r ly   t he i r   va r i a t ion   w i th  
densi ty  . 

A t  the  higher   f ree-s t ream 
densi t ies ,   the   experimental   data  
correspond w i t h  the   equi l ibr ium 
radia t ion   pred ic t ions  as previ -  
ously shown  on f igu re  11 and as 
would be  expected  from  the  previ- 
ous equilibrium  comparisons made 
i n   f i g u r e  10. A s  the   dens i ty  i s  
continually  reduced,  however,  the 
observed   in tens i t ies  become g rea t e r  
than   the   equi l ibr ium  pred ic t ions  by 
an amount which i s  a d i r e c t  measure 
of  the  excess  nonequilibrium  radia- 
t ion  behind  the  shock  f ront .  The 
computed densi ty  at which t h e  non- 
equilibrium zone thickness  i s  
three-fourths  of  the  shock  standoff 
d i s tance  i s  marked with  an  arrow 
a long   t he   l i ne   f a i r ed   t h rough   t he  
da ta   po in ts .  The  most c a r e f u l   c a l -  
cu la t ions  of r a d i a t i o n   d i s t r i b u -  
t i o n   i n   t h e  shock layer,   and  thus 
t h e  best   determination of  nonequi- 
l i b r ium  in t ens i t i e s ,  were made  when 
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6~ = 3/48. The present 
experiments  therefor e ind ica t e  
t h a t   t h e  magnitude  of t h e   p r e -  
dominantly  nonequilibrium 
radia t ion   a long   the   s tagnat ion  
s t r e d i n e   f o r  SR = 3/48 i s  
2, 6, and 18 watts/cm2 at  
v e l o c i t i e s  of 6.4, 9.5, and 
11.0 km/sec, r e s p e c t i v e b .  AS 
stream density  decreases,   the 
observed   rad ia t ion   in tens i t ies  
continue t o  decrease as t h e  
nonequilibrium zone f i l l s  t h e  
shock  layer  and i s  swept off 
t h e  body. 

COMPARISON  OF NONEQUILIBRIUM 
RADIATION RES’LJIFS WITH 
SHOCK-TUBE  OBSERVATIONS 

A summary of measurements 
of t h e   t o t a l   i n t e n s i t y  of  non- 
equi l ibr ium  radiat ion,  which 
includes  available  published 
data  obtained from  shock  tubes 
( r e f s .  17, 18, and 25) from 
e a r l i e r   f r e e - f l i g h t  results 
( r e f .  7 )  and the   p resent  
results, i s  g iven   in   f igure  18. 
Before  proceeding  further, it 
should  be  reemphasized  that 
t h e   t o t a l   i n t e n s i t y  of  nonequi- 
l ib r ium radia t ion ,  as measured 
from the  one-dimensional  flow 
pattern  behind a normal  shock 
in  shock-tube  experiments  and 
from the  three-dimensional 
f low  pat tern  a long  the  s tagna-  
t i on   s t r eaml ine   i n   t he  shock 
layer  of  a b l u n t  body, should 
by no means be expected t o  
agree  perfectly.   Differences 

must occur  because of the  different   veloci ty   his tory  and,   consequent ly ,   the  
d i f f e ren t   d i s t r ibu t ion  of residence time of t h e   r a d i a t i n g   p a r t i c l e s  as the  gas  
flows downstream  from t h e  shock f r o n t   t o  &R. For  example,  behind a normal 
shock the   gas   ve loc i ty  at 6 ~ ,  r e l a t i v e   t o   t h e  shock f ron t ,  i s  determined by 
the   equi l ibr ium  dens i ty   ra t io   across   the  shock f ron t .  A typ ica l   va lue  i s  1/15 
,of free-stream  velocity  for  hypersonic  speeds.  On the   o ther  hand, i f  &-R i s  
near   the body su r face   i n  a bow-shock l a y e r ,   t h e   v e l o c i t y   r e l a t i v e   t o   t h e  shock 
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f ront  is subs t an t i a l ly  less than 1/15 V, and is approaching  zero.  Quantita- 
t i v e l y ,   t h e   d i f f e r e n c e s   i n   v e l o c i t y  (see eq. (16) ) suggest  the bow-shock layer  
should  exhibit  lower  values  for I than  those from a one-dimensional  normal 
shock i n  a l l  cases where 6~ i s  a subs t an t i a l   f r ac t ion  of 6. 

I n   f i g u r e  18, t h e   e a r l i e r   f r e e - f l i g h t   r e s u l t   p l o t t e d  is not  considered 
w e l l  determined  but i s  i n c l u d e d   i n   t h i s  comparison  because  of the  high  veloci ty  
a t  which it was obtained. The in t ens i ty  shown has  been  interpreted  from  the 
data as representing  an  upper limit to   t he   nonequ i l ib r ium  r ad ia t ion   i n   t he  spec- 
t r a l  range 0.2 t o  1.0 micron. The shock-tube measurement reported by Allen, 
e t  al . ,  i n   r e f e rence  25 i s  p l o t t e d   i n  two  ways.  The data  point marked upper 
l imi t  is the  authors '   s ta tement  as t o  a "reasonable  upper limit" f o r   t h e  non- 
equilibrium  radiation. The lower  data  point i s  t h e   r e s u l t  of an  actual   in tegra-  
t i o n  of the   exper imenta l   spec t ra l   d i s t r ibu t ion   presented   in   f igure  10 of t h e  
reference.  

Included  with  each  data  point on f igu re  18 i s  t h e  free-stream density at 
which the  nonequilibrium  radiation was measured. 

The f igu re  shows that   very similar r e s u l t s  have  been  obtained from t h e  
various  experiments,  apparently  within  almost a f ac to r  of 2.  There i s  no 
t rend  apparent   in   the comparison t o  suggest that the   p re sen t   r e su l t s   a r e  lower 
in  value  than  the  shock-tube results, as would  be reasoned  from  the argument 
presented  in  the  paragraph  above. (The p resen t   r e su l t s   a r e   fo r  SR = 3/46.) 
The close  correspondence, however, i s  s t i l l  qu i t e   g ra t i fy ing  when one considers 
the  differences  in   the  experimental  methods  and the  data-reduction  processes 
requi red   to   reduce  a l l  t h e   r e s u l t s  t o  t h i s  form  of presentat ion.   Further ,  
there  i s  no apparent  density  dependence. The lack of  any dependence  supports 
the  nonequilibrium zone  model  which p r e d i c t s   t h a t   t h e   t o t a l   r a d i a t i o n  from t h e  
zone is independent  of  free-stream  density  at a f ixed   ve loc i ty .  

A fu r the r   i n t e re s t ing   f ea tu re  of t h i s   f i g u r e  i s  t h a t  it shows a ve loc i ty  
dependence for   nonequi l ibr ium  radiat ion  substant ia l ly  lower than t h a t  for   equi-  
l ibr ium  radiat ion;  namely, the  nonequilibrium  radiation  varies  approximately as 
the   four th  power of t he   ve loc i ty ,  whereas f igu re  10 ind ica t e s   t ha t   t he   equ i l ib -  
rium radia t ion   vaxies  from t h e   e i g h t h   t o   t h e   s i x t e e n t h  power of t he   ve loc i ty .  
If these   t rends   a re   cont inued   to  even  higher  velocit ies,  it means t h a t   t h e  
importance  of  nonequilibrium  radiation  heating w i l l  diminish compared t o   t h a t  
of   equi l ibr ium  radiat ive  heat ing . 

RADIATIVE HEATING OF  FULL-SCALE  VEHICLE3 

The foregoing  comparisons, which demonstrate   that   equi l ibr ium  radiat ion 
from air  appears t o  b e   f a i r l y  w e l l  described,  and  that   nonequilibrium  radiation 
i s  somewhat smaller   than  previously  predicted  (cf .   ref .  18), w i l l  now be u t i -  
l i z e d   i n  a br ief   descr ipt ion  of  methods t o   p r e d i c t   r a d i a t i v e   h e a t   t r a n s f e r   t o  a 
ful l -scale   vehicle   enter ing  the  Earth 's   a tmosphere.  

Le t  us  consider,  for  purposes  of  discussion,  the  prediction of t h e  
r ad ia t ive   hea t   f l ux   f a l l i ng  on the  s tagnat ion  region of a vehicle  with  nose 
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rad ius  1 meter  entering  the  atmosphere at Earth  escape  speed. We w i l l  
construct  a char t ,  similar t o   t h a t  of   f igure 17, t o  show how t h e   r a d i a t i v e  
hea t ing   f lux  i s  expected to   vary   wi th   f ree-s t ream  dens i ty  a t  the   f i xed   ve loc -  
i t y  of 11.0 km/sec. F i r s t  of a l l ,  a predic t ion   for   the   equi l ibr ium  rad ia t ive  
f l u x   f a l l i n g  on the   s tagnat ion   reg ion  i s  given by 

I = k(Et/2) 6 

S ince   f igure  10 indicates   that   the   present   experimental  measurements  of equi- 
l ib r ium  rad ia t ion   agree   bes t   wi th   the   p red ic t ions  of  Kivel  and  Bailey (ref.  3) 
at t h i s  f l ight   speed,  E t  i s  obtained  f rom  this   reference,   or   f rom  f igure 7 of 
the  present   report .  The  symbol  k i s  a geometr ic   correct ion  factor  due t o   t h e  
curved  shape of t h e  shock f r o n t .  For a spherical   nose,  Wick has  computed a k 
value  near 0.84 ( r e f .   2 4 ) .  The equilibrium shock-wave s tandoff   dis tance,  6, 
f o r   t h i s   r a n g e  of velocities  can  be  well  approximated by 

which c lose ly   co r re sponds   t o   s eve ra l   t heo re t i ca l  and  experimental   results.  
Reference 26 presents  a summary of t h i s  work. Figure 19 shows t h e   r e s u l t s  of 
using  the  above  formulas,  along  with  reference 3 f o r   t h e  shock  densi ty   ra t io ,  

Altitude, km t o   p r e d i c t   t h e   e q u i l i b r i u m  component 
80 70 60 50 o f   t he   r ad ia t ive  flux f a l l i n g  on t h e  

s tagnat ion  region.  It should  be 
remarked tha t   t h i s   equ i l ib r ium  p re -  
d i c t ion  a t  dens i t i e s  of p,/po = 
t o  i s  an   ex t rapola t ion   to  a 

t u r e  where  no t o t a l   i n t e n s i t y  meas- 

have ye t  been  reported,   ei ther by 
shock  tube or by t h e   p r e s e n t   b a l l i s -  
t i c   t echn iques .  

qR # 

C m 2  urement s of equi l ibr ium  radiat ion 

R = I meter combination  of  density  and  tempera- 
watts - 

10-6 10-5 10-4 10-3 The nonequilibrium  radiative 
P, 'P. heat ing   cont r ibu t ion   for  11.0 km/sec 

Figure 19. can  be  es t imated  direct ly   f rom  f ig-  
ure  18. Since  our  present  best 

understanding  of  the mechanism of  nonequilibrium  radiation  from  the  zone  behind 
t h e  shock wave i s  t h a t  i t s  magnitude a t  constant   veloci ty  i s  invariant   with 
density  and i s  not a function  of  the  scale  of  the  vehicle  except  for  the  impor- 
t a n t   e f f e c t s  of t runca t ion  due t o   t h e   s h o c k - l a y e r   v e l o c i t y   f i e l d ,  we add a con- 
s t a n t  18 watts/cm2 to  the  previous  equi l ibr ium  curve on f i g u r e  1-9 t o   o b t a i n  a 
predic t ion  of t h e   t o t a l   r a d i a t i v e   f l u x .  We ignore  here  possible  refinements  of 
this   nonequi l ibr ium  predict ion:  (a) a "k" correc t ion   for   the   spher ica l   shape  
of  the  shock  layer,  and ( b )  d iv is ion  of t h e  shock l a y e r   i n t o  a nonequilibrium 
part   followed by an  equilibrium  part .  Such refinements w i l l  change t h e   t o t a l  
p red ic t ion  by a small amount. 
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A comment can  a lso  be made about t h e  stream densi ty  a t  which the  nonequi- 
l ib r ium  rad ia t ion  w a s  measured  during  the  present  tests  and at what stream  den- 
s i t y  it is o f   s ign i f i cance   fo r   t he   veh ic l e   s i ze  of the   p resent  example. As  can 
be  seen  from  figure 17, the  nonequilibrium  radiation w a s  determined a t  
pw/po = 3 ~ 1 0 - ~  (60 km a l t i t u d e ) ,  whereas f i g u r e  19 shows t h a t   f o r   t h e   v e h i c l e  
with a 1 meter  nose  radius, it i s  of s ign i f icance  at and  below densi t ies   of  
7~10-~ (70 km a l t i t u d e  and  up). The ex t rapola t ion   in   dens i ty ,   then ,  i s  as 
l i t t l e  as a factor   of  4. 

There  are   fur ther   expected  effects   and  interact ions which w i l l  change t h e  
t o t a l   r a d i a t i v e   f l u x   f a l l i n g  on the  vehicle   s tagnat ion  region  f rom  the  values  
shown. In   o rder   to   s impl i fy   the   d i scuss ion  of these   phys ica l   e f fec ts   they  w i l l  
be  described  separately,  even  though  in  general it can  be  reasoned  that   there 
w i l l  be in te rac t ions ,   modi fy ing   the   to ta l   rad ia t ion   present .  A l l  of t h e  
e f f e c t s   t o  be  discussed,  namely,   truncation,  f low  energy  l imiting,  coll ision 
l imiting,  self-absorption,  and merging  of  boundary layer  and  shock  layer, 
reduce  the  radiat ive  heat ing  f lux.   Truncat ion by t h e  body ve loc i ty  f i e l d  has 
def ini te ly   been  observed  during  the  f l ight  of t h e  small models  of the  present  
invest igat ion,   and i t s  e f f e c t s  have  been  discussed in   the   p rev ious   sec t ion .  
There i s  no direct   evidence  in   the  present   data  of the  inf luence of any  of t h e  
o ther   e f fec ts  named above. It i s  f e l t ,  however, t h a t  a br ie f   descr ip t ion  of 
the  expected  changes  in   the  radiat ive  heat ing due t o   t h e s e   e f f e c t s  would be 
in s t ruc t ive  . 

The densi ty  a t  which t runca t ion  i s  expected t o  be s i g n i f i c a n t   f o r   t h e  
example vehicle  under  discussion i s  shown  on f igu re  19 by the  arrow marked 
6~ = 3/48. This  density  can  be  obtained by consideration of the   l abora tory  
r ad ia t ive   r e l axa t ion   t imes   r epor t ed   i n   r e f e rence  18, together  with  f low-field 
ve loc i t ies   behind   the  normal  shock  and  along the   s tagnat ion   s t reaml ine   in   the  
shock layer   o f   the   vehic le .   In   the   p resent   case ,  a similar r e s u l t  w a s  obtained 
by no t ing   t ha t   t he  example vehic le  i s  approximately 60 t imes   l a rger   than   the  
model used t o   o b t a i n   t h e  11.0 km/sec r e s u l t s  shown  on f igu re  17. Since   the  
nonequilibrium  zone model i nd ica t e s   t ha t   t he   dens i ty   fo r   t runca t ion   e f f ec t s  
would be inverse ly   p ropor t iona l   to   vehic le   s ize ,   t runca t ion   for   the   l a rger   vehi -  
c l e  i s  expected a t  a densi ty  60 times  lower  than  that  previously computed and 
shown f o r   t h e  model. I n   o t h e r  words, t runca t ion  depends upon t h e   r a t i o  6 ~ / 8 ,  
which is  approximately  unchanged  for  constant  values  of pwR. The expected 
reduction of the  nonequi l ibr ium  radiat ive flux due t o   i n c r e a s i n g  amounts of 
t runca t ion   fo r   t he  example vehic le  i s  shown as t h e  dashed  extension t o   t h e  non- 
equilibrium  curve  sketched on t h e   f i g u r e .  

An important   radiat ion-l imit ing phenomenon that  occurs,   but  apparently 
would n o t   i n f l u e n c e   g r e a t l y   t h i s   p a r t i c u l a r   c a s e   t o  any  degree, i s  flow  energy 
l imi t ing .  The t o t a l   f l u x  of  energy  per  unit   t ime  per  unit   frontal   area  con- 
ta ined  in   the  f low  enter ing  the  shock  layer  of t he   veh ic l e  i s  given  closely by 

I = (1/2)pmvW3, watts/cm2 

The r ad ia t ive   f l ux   pe r   un i t   f ron ta l   a r ea   o f  shock layer, in   bo th   d i rec t ions ,  
cannot  approach this   value  too  c losely  because  the  energy  drain would cause  the 



gas  temperature  and,  consequently,   the  radiation  level  to  decay  grossly as t h e  
gas  flowed  back  from  the  shock  front. A reasonable  upper limit of 20 percent 
of the  flow  energy i s  p lo t t ed  on f i g u r e  19. Approximately t h i s  same upper 
limit i s  shown  by machine-programmed computer ca l cu la t ions   g iven   i n   f i gu re  14 
of  reference 28. Ei ther   t runca t ion  or flow  energy  limiting would prevent   the 
nonequ i l ib r im  r ad ia t ive   f l ux  from  exceeding  approximately 10 watts/cm2  below 
p,/po = A t  the  highest   densit ies,   approaching sea leve l ,   the   equi l ibr ium 
rad la t ive   f l ux  would a l s o  be  l imited by the   ava i l ab le   f l ux  of  flow  energy. 

Col l is ion  l imit ing,   d iscussed  in   reference 18, i s  def ined   in   the   re fe rence  
as a reduct ion   of   the   rad ia t ive   in tens i ty  due t o  an in su f f i c i en t  number of co l -  
l i s ions   t o   ma in ta in   t he   popu la t ion  of exci ted  par t ic les   against   the   drainage by 
rad ia t ion .  It would f irst  be expected t o  reduce  the  peak  value of t h e  nonequi- 
l i b r i u m  rad ia t ion   p ro f i l e .  Very l i t t l e  i s  known about how low the   dens i ty  m u s t  
become before   col l is ion  l imit ing  reduces  the  radiat ive  intensi ty .  The experi-  
ments by Allen,   et  a l .  (ref.  2 5 )  suggest   that ,  a t  l e a s t   f o r  one  band  system, 
co l l i s ion   l imi t ing  may reduce  the  nonequi l ibr ium  radiat ion  s ignif icant ly  a t  a 
pressure of 20 microns  of  Mercury.  This  represents a density of 

= 2 . 6 ~ 1 0 ’ ~ .  

A t  very  high  a l t i tudes,  merging  of the  viscous boundary layer  and t h e  
shock  layer  occurs  and w i l l  have a suppressing  effect  on t h e  small r a d i a t i v e  
hea t ing   l eve l s   expec ted   t o   ex i s t   a t   t hese   a l t i t udes .  For example, although it 
was concluded t h a t  it did  not  significantly  influence  determination of t h e  non- 
equi l ibr ium  rad ia t ive   in tens i ty ,   the   boundary- layer   th ickness   in   the   s tagnat ion  
region  for   the  present  models  flown at  the   h igher   ve loc i t ies  and at the  lowest 
dens i t ies  was estimated t o  be  about  one-fourth  the  shock  standoff  distance. 
S i m i l a r l y   t o   t h e   v a r i a t i o n  of the  nonequilibrium-zone  thiclmess  and  the  effects 
o f   t runca t ion ,   t he   r a t io  of the  boundary-layer  thickness t o   t h e  shock-standoff 
dis tance is approximately  constant f o r  constant  values  of p,R. Thus,  about 
t h e  same port ion of t h e  shock  layer i s  boundary l aye r   fo r   t he  1 meter  nose 
rad ius   vehic le   as   for   the  model a t  a density 60 times  lower. 

A t  t h e  lower a l t i t udes ,   pa r t i cu la r ly  a t  densi t ies   higher   than  those shown 
on f igu re  19, self-absorpt ion of the  radiat ion  can  suppress   the  radiat ive  heat-  
ing;  references 28 and 29 give  predict ions  of   this  phenomenon. The predict ion 
shown i n   f i g u r e  1.9, then, i s  considered a radiative  heating  estimate  based on 
t h e   p r e s e n t   s t a t e  of  knowledge.  Other than  the  uncertainty due t o   t h e   l e s s -  
than-complete  spectral  coverage, however, a l l  t h e   e f f e c t s  remarked upon above 
would lower the  radiative  heating  and  not  increase it. 

CONCLUDING REMARKS 

I n  summasy, t h e   r e s u l t s  of the  present   experimental   invest igat ion  indicate  
t h a t  a f a i r   d e f i n i t i o n  of t he   r ad ia t ive   p rope r t i e s  of air  i n  thermodynamic  and 
chemical  equilibrium  has  been  obtained  for  conditions  corresponding t o   f l i g h t  
v e l o c i t i e s  of 5.5 t o   1 2 . 4  km/sec. Predicted  equilibrium  spectra  for  the  shock 
layer  over  the  velocity  range of 6 t o  10 km/sec were i n   s a t i s f y i n g  agreement 
with  observations at high  densi t ies  where equilibrium  conditions  are  expected. 
Greater  spectral   coverage,  along  with more prec ise   cont ro l  of experimental 
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conditions, i s  required,  however, t o   o b t a i n  more d e f i n i t i v e   r e s u l t s  a t  t h e  
higher   veloci t ies .  The radiat ion  a t t r ibuted  to   nonequi l ibr ium  effects   behind 
t h e  shock front  appears t o  be  reasonably  described by the  simple  binary- 
co l l i s ion  model of the  nonequilibrium zone suitably  modified by t h e   e f f e c t s  of 
truncation. The measured in t ens i ty  of  nonequilibrium  radiation  has  turned  out 
t o  be  ra ther  small, at least up t o  Earth  escape  speed  and w i l l  probably  be  of 
l i t t l e  importance, i n   c o n t r a s t   t o   t h e   e q u i l i b r i u m   r a d i a t i o n ,   a s   t h e   v e l o c i t y  i s  
increased  even  further. 

It i s  be l ieved   tha t   the   p resent   resu l t s   demonst ra te   tha t   addi t iona l  work 
in   the   l abora tory   should  emphasize (a) increased  accuracy of  measurement,  and 
( b )  the  study of equi l ibr ium  radiat ive  heat   t ransfer  a t  higher  speeds,  for 
example, 12 t o  18 km/sec,  which axe of in te res t   for   Ear th   en t ry   for   e f f ic ien t  
r e tu rn  from the  nearby  planets.  A t  these   ve loc i t ies ,   rad ia t ive   hea t   t ransfer  
i s  expected t o  be  the dominant heating mechanism; it w i l l  probably be t h e   p r i -  
masy factor  controll ing  the  vehicle 's   heat-shield  shape. Another  problem  area. 
s t i l l  requi r ing   inves t iga t ion  i s  the   s ca l ing  or appl icat ion of what we l e a r n   i n  
t he   l abo ra to ry   t o   t he   fu l l - s ca l e   veh ic l e .  Although it i s  believed we have a 
fair   understanding of how t o  do t h i s ,   t h e r e  i s  as   ye t  no extensive  experimental 
proof  available.  Further,  as  exemplified by the  computations of Howe and 
Viegas ( r e f .  28), addi t iona l   s tud ies  might  be required of the  coupling among 
the  convect ive,   radiat ive,  and ablat ive  processes .  

Ames Reseerch  Center 
National  Aeronautics  and  Space  Administration 

Moffett  Field, Calif.,  Nov. 27,  1963 
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APPENDIX A 

THEORETICAL  COMPUTATION OF TOTAL SPECTRAL RADIATION FROM SHOCK LAYER 

The total   emission  from a volume element  of  the  shock  layer  per unit 
wavelength i s  

" dWh 
dV - EA, watts/cm3  micron 

Integrat ing  over   the volume observed by the  radiometer  gives 

wh = JEA av, watts/micron 
v 

Constructing a predic t ion   for   the   spec t rum Wh from t h e  above  formula  requires 
assigning a value  of EA t o  each  point  in  the  shock  layer  and  performing  the 
indicated  integration  for  every  value  of  wavelength  desired.  We may a l s o   w r i t e  

where V e f f ( A )  i s  an  equivalent  shock-layer volume sa t i s fy ing   the   express ion  
and i s  a funct ion of A. The rather   extensive  calculat ions  out l ined  above  for  
predict ing Wh were  reduced t o   t h e   e v a l u a t i o n  of a s i n g l e   i n t e g r a l  by allowing 
Veff t o   t a k e  on a single  value  with  the  approximation 

03 03 

where E = $ EA d h  and E t  = So E t h  ah. This  approximation i s  equ iva len t   t o  
assuming tha t   t he   r e l a t ive   spec t r a l   d i s t r ibu t ion   o f   t he   gas   d i r ec t ly   beh ind   t he  
normal pa r t  of t h e  bow shock  layer i s  representa t ive   o f   the   average   spec t ra l  
d i s t r i b u t i o n  of a l l  t he   r ad ia t ion  from t h e  volume i n  view  of the  radiometer.  

0 

Thus, f i na l ly ,   va lues   fo r  WA were  computed by use of 

where E t h  i s  the   spec t ra l   d i s t r ibu t ion   for   condi t ions   d i rec t ly   behind   the  bow 



shock  and was obtained (a) by i n t e r p o l a t i o n   i n   t h e   t a b l e s  of reference 4 and 
( b )  by computation  using  the scheme ou t l ined   i n   r e f e rence  30 but   wi th   the   t ran-  
s i t i on   p robab i l i t i e s   g iven  by Kivel and  Bailey in   r e f e rence  3 . l  The r equ i r ed  
values of e f f ec t ive  volume, V e f f ,  were computed as o u t l i n e d   i n  appendix B. 

=These calculat ions were made by Victor  Reis of Ames Research  Center. 
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APPENDIX B 

DETERMINATION OF EFFECTIVE  VOLUME  FOR EQUILIBRIUM SHOCK LAYER 

A measure of t h e   r a d i a t i v e   i n t e n s i t y   d i r e c t l y   b e h i n d   t h e  normal p a r t  of 
t h e  model bow shock  can  be  obtained  from  observations  of  the  total  shock-layer 
r ad ia t ion  by defining 

P 

where t h e   i n t e g r a l   r e p r e s e n t s   t h e   t o t a l   r a d i a t i o n  viesred by the  radiometer  from 
t h e  shock layer  and V e f f  i s  t h e   e f f e c t i v e  volume rad ia t ing  at the   spec i f i ed  
conditions.  The coordinate  system i n   f i g u r e  13  i s  used   for   the   fo l lowing   ca l -  
culations.   Numerical  values  for Veff were found  by  solving  the  above  equa- 
t ion  using  an  approximation t o   t h e   e q u i l i b r i u m   r a d i a t i o n   d i s t r i b u t i o n  
throughout  the  shock  layer. The r ad ia t ion   d i s t r ibu t ion ,  E, as a funct ion of 
8, the   angular   dis tance from the   s tagnat ion   po in t  was obtained  in   the  fol lowing 
manner: (a )  The equilibrium  temperature  and  density  behind  the bow shock were 
determined by  means of cha r t s  of equi l ibr ium  real-gas   propert ies   of  air behind 
normal  shock waves ( r e f .  3)  and  oblique  shock  relations.  (b) By use  of t h e  
pressure   d i s t r ibu t ions  and the  sonic-point  locations  from  reference 31, t h e  
equilibrium  temperature  and  density  were computed along  the  constant  entropy 
s tagnat ion  s t reamline which flows  along  the body s u r f a c e   t o   t h e   c o r n e r  of t h e  
model face.   These  pressure  dis t r ibut ions are  similar t o   t h a t   g i v e n  by 
Newtonian theory as long as the   sonic   po in t  l i e s  on the   sphe r i ca l   f ace .   ( e )  
From the  temperature and dens i ty   d i s t r ibu t ions ,   t he   r e l a t ive   equ i l ib r ium  r ad ia -  
t i o n   d i s t r i b u t i o n ,  E/Et ,  as a funct ion of 8 was determined  from t h e   e q u i l i b -  
rium predict ions of  Kivel  and  Bailey  (ref. 3 ) .  The r ad ia t ion   d i s t r ibu t ions  
along  the  shock  front and t h e  body sur face  were then  averaged t o   e s t a b l i s h  a 
distribution  independent of r ,  the  coordinate  normal t o   t h e  body surface.  
Figure 20 shows a t y p i c a l   r e s u l t  of t h i s   p rocess .  

1.2 - 

1.0 

.8  - 

W 

1: . 6 -  

W 

.4 - 

R / d  = 1.20 
.2 - V, = 11.0 km/sec 

p, lp0 = 7.5 x  IO-^ 
' 2  V, = 11.0 km/sec t \ p, lp0 = 7.5 x  IO-^ 

When a radiometer  views  the 
model shock  layer at r igh t   angles  
t o   t h e   f l i g h t   p a t h ,   p a r t  of t h e  
shock l aye r  i s  hidden by the  bulge 
of t h e  model face.  This  reduced 
volume i s  accounted f o r  by noting 
t h a t   t h e   p a r t  of t h e  shock layer 
v i s i b l e  on the   s ide   oppos i t e   t he  
radiometer i s  t h a t  between t h e  
shock f r o n t  (assumed he re in   t o   be  
g iven   in   spher ica l   po lar   coord i -  
nates  as r2 = R + 6 = constant,  
where R i s  the  nose  radius ,  and 
6 i s  t h e  shock  standoff  distance) 
and the   cy l ind r i ca l   su r f ace   t an -  

1 I I 
0 4 8 12 16 20 24 28 

gent t o   t h e  model surface and  par- 
a l l e l  t o   t h e   r a d i o m e t e r   l i n e  of 
s i g h t .  The equation of t h i s  8, deg 

Figure 20. 
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surface i s  given by 

R 
rl = 

.,/sin2 e cos2 cp + cos2 cp 

The expres s ion   fo r   t he  effective volume can now be   wr i t ten  as 

where 0, i s  the   co la t i t ude   o f  
defined as 

cp, = const 

o r  

t h e  model, and cp t h e  limit of t h e   i n t e g r a l  

as d i c t a t ed  by t h e  in t e r sec t ion  of the   spher ica l   and   cy l indr ica l   sur faces  
bounding t h a t   p a r t  of t h e  shock layer  on t h e  side opposite  the  radiometer.  
The f i r s t  i n t e g r a l  i s  straightforward  and was evaluated  analyt ical ly ,   except  
f o r   t h e  0 term which required  numerical  methods. The second i n t e g r a l  i s  of 
e l l i p t i c  form  and w a s  evaluated s i m i l a r l y   t o   t h e  f i r s t  in t eg ra l .  

The resu l t s   o f   these   ca lcu la t ions ,   normal ized  by the   t o t a l   shock- l aye r  
volume out t o   t h e  edge of   the  model 

are g iven   in   the   fo l lowing  table  .l 

face,   defined as 

The values  of t h e  r a t i o  of e f f ec t ive  
volume t o   t o t a l  volume show a s t rong dependence upon R/d, some dependence upon 
v e l o c i t y ,   a n d   t o   t h e   e x t e n t  of t he   ava i l ab le   ca l cu la t ions ,   r e l a t ive ly  small 
dependence upon densi ty .  For the   da ta   reduct ion ,   the   va lue   o f   the   e f fec t ive  

~~ 

’Calcu la t ions   o f   poss ib le   addi t iona l   rad ia t ive   cont r ibu t ions   in  view of 
the  radiometer,  at t h e  body corner  in  an  equilibrium  expansion  fan,   indicated 
negl igible   changes  in  V e f f .  
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0.908 10 -l 6.1 * 50 
7 .5xlO -3 6.1  .49 
2 .25~10  -3 9.75 .40 
7 . 5 ~ 1 0  -3 11.0 .40 

1.200 7 .5xm -3 6.1 - 57 
2.25~10 -3 9.75 53 
7 . 5 ~ 1 0  -3 11.0 53 

volume w a s  allowed t o  change  smoothly for   condi t ions  intermediate  between t h e  
calculated  condi t ions.  The ac tua l   va lues   u sed   a r e   l i s t ed   i n   t ab l e  I, page 40. 
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TABU I. - SUMMARY OF EXPERIMENTAL DATA 

1 

-0.18 
-0.17 
9.81 
9-77 
9.72 
9.68 
9.60 
9.46 
9.41 
9.37 
9-31 
9.22 
9.22 

8.97 
8.78 
8.61 
8.14 

9.14 
9.14 

j 

3.00198 
.00185 

.00246 

.000209 

.000280 

. o o o q  1 

.000262 
00939 
.000626 
.000721 
.00801 

.00316 

.00642 

.00257 

.00341 

. 000 3 52 

.000503 

.000250 

-0195 
.Ob78 
. 00 3-70 
.Ob54 
.00414 

.0384 
-0365 

.Ob24 

.00424 

.00942 

.0194 

-0453 

.0128 

.000126 

.000126 - 0397 

.00182 

.00187 

.00680 

Pr sototype fac i l i ty   da ta ;  R / d  = 1.20, R = 1.56 cm 

0.0300 
-0277 
.0388 
-0365 
.00340 
.00452 
.00440 
.00420 
.130 
.00980 
.0111 
.112 
.0506 
.Ob71 - 0937 
.00570 
.00810 
.00418 

13 , 600 
13,700 
13 , 500 
13 , 000 
11,100 
11,200 
11,200 
11,300 
13,200 
11,400 
11,600 
11,800 
10,800 
10 , 600 
10 , 500 
9,230 
9,020 
8,360 

338 
282 
17 6 

87.6 

3.4 
28.5 
7.68 
15 -7 
832 

409 

108 
223 

40 .O 
34- 9 

95.8 

5 -72 
3 -70 
4.19 

0.0600 
.0607 
.0604 
.0615 
.0558 - 0563 
.o281 
0569 
.0660 
.0581 

.0647 

.0615 

.0614 

.0617 

.0562 

.0566 

* 0592 

-0543 
Pilot   faci l i ty   data;  R/d = 0.714, R = 0.51  cm 

.267 

.650 

.626 

.0617 

.625 

.181 

.060 4 
- 135 *v3 
.00217 
.00217 
* 552 
.02&7 
.0296 
.lo3 

. 0 548 

* 530 
.540 

* 589 

11,700 
12,100 
11 , 200 
11,300 
10 , 100 
11 , 000 
10,900 
10 , 800 
10,200 

9,500 
9,780 
9,970 
8,000 
8,000 
9,900 
8,470 
8,340 

10,500 

8,140 

19.8 
62.3 
12.8 
85.6 

80.9 
4.56 

42.2 
35 -0 
3.80 

108 

20.7 
10.7 

4.70 

.0631 - 0998 
84.6 
1.68 
1.30 
1.62 

.00341 

.00343 

.00349 

.00351 

.00177 

.00356 

.00349 

.00356 
003v 
.00347 
.00352 - 00399 
-00399 
.00368 
.00324 
.00328 
.00356 

~ ~~~ 

.00322 

.00162 

13 9 500 
41,300 

51 , 900 
8,470 

8,600 
46,100 
49,400 
19, 300 
2,180 

2,820 
52 , 000 
11,500 
5,850 

30.4 
48.1 

$8,800 
961 
7 20 
7 84 

PE2 
PE2 
PE2 3 

PE2 
PE2 
PE2 , 
PE2 9 

PE2 , 
PE2 
PE2 
PE2 
PE2 
PE2, 
PE2 
PE2 
PE2 

PE 
P S ?  

PE2 
PE2 
PC2 

PC2 j4  

PC2 
PC2 j4  

PC” J 4  

PC2 15 
PC2 , 
PC2 

PE4 J 

PC2 j4  

PC4 

PE2 

PE2 

PE2 

PE7 

PE 
PE 

‘PE, polyethylene; PC, polycarbonate; AL, aluminum; 24, G.E. 124;  23, G.E. 

2Shot made into advancing airstream. 
%o airstream data,  calibration  data used. 
4High angle of attack. 
?Radiation  trace  offscale,  estimated  value. 

7 ~ ~ m  reference 7. 

l23b; PN, phenolic  nylon. 

6R/d = 0.908. 
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TABLE I. - SUMMARY OF EXPER1"L DATA - Concluded 
. "" - 

vm, 
km/sec 

7 -31. 
7-25 
7.22 
7,20 

6.99 
6.98 

6.94 
6.82 
6.81 
6.74 
6.71 
6.71 
6.71 
6.67 
6.61 
6.61 
6.60 
6.56 
6.55 
6.53 
6.49 
6.47 
6.41 
6.40 
6.36 
6.40 
6.31 
6.22 
6.13 
6.12 
6.08 
6.08 
6.07 
6.04 
5.96 
5.94 
5.94 
5.94 
5.88 
5.86 
5 -77 
5.74 
5 -72 
5 -72 

- 

7 so7 

6.94 

5.68 
5.61 
5.58 
5.44 
5.40 

~ 

&J/PO 

1.0195 
=__ ~ - 

* 07  67 
.0007 20 
0767 

.152 

.007 20 

.07 61 

.0190 

.0197 

.0070 

.190 

* 0195 

.0194 

.00100 
- 0195 
.0200 
.0020 
- 0195 
.188 
.0192 
-0770 
.192 
.000980 
.0191 
.00690 
- 07  67 
.000982 

.00691 

- 07  67 
.191 
* 0195 
.07 68 
-0774 

.0189 

.190 

. o 1 g  

. 0 192 

.190 

.192 

.07 60 

.0192 

.0189 

.01g 

.167 

.olgl  

.00594 

- 07 50 

.00329 

.0020 
-0Y8 

.Om8 

- 
P/P, 

~ 

0.271 
1.03 

1.03 
1.98 

. o n 7  

.265 

.263 
* 997 
.256 
.264 
-0987 

. lo5 

2.38 
-0153 - 259 
.265 
.0291 
257 

2-33 
.251 
.980 

.0146 
,246 
-0938 
.966 
.0143 
-07 90 
.0926 
.922 
940 

2.36 

2.  30 
.e43 
-937 
.944 
.Oh38 
.230 

* 233 
.234 

2.20 

2.18 
2.21 

1.12 

1.12 

.0252 

.882 

-225 
.219 
.228 

-216 
L -77 

WObS J 
watts 

0.924 
14.8 

13.2 
28.6 

.013 

1.36 
1.38 

1.26 
1.26 

1.24 
7.14 

.162 

.060 5 
31.8 

1.14 
1.14 

257 
1.360 

6.12 

35-7 
2 .Ob 

24.6 
.114 
.824 
.264 

7-30 
.0244 
.07 80 
.246 

3.51 
4.13 

17.4 
.584 

3-90 
4.50 - 336 
1.19 
9.60 

.60 
1.26 

14.85 
12.9 

$2.6 

.0667 
7.24 

7.24 
.452 
.851 
.600 

4.80 
.452 

Ve ff , 
cm3 

0.00408 
.o0428 
.00352 
.00429 
.00449 
.00429 

.00430 

.00447 

.00445 

.00398 

.00378 

.00364 

.00386 

.00386 

.0047 5 

.00450 

.00408 

.00454 

.00485 

.00458 

.00492 

.00403 

.00405 

.00445 

.00482 

.00414 

.00455 

.00425 

.00508 

.OO 520 . 00 501 

.00513 

. 00 511 

.00514 

.00441 

.00514 

.00551 

.00546 

.00499 

.00550 

.00548 

.00552 
-00542 

.0047 4 

.00469 

.00130 

.00465 

.00465 

-00553 

.00614 
-00575 

- 
F Et J 

watts/cm3 
Model 

material 

24 
24 
PE4 
24 
PC4 
23 
PC 
PE 
24 
24 
PC6 
PC6 
PC 
PE 

PE 
PE 

PC 
PC 
24 
PC 
PES 

PN6 

23 

A L ~  
PE 
PE 
PE 
AL4 9 

PE 
A L ~  
24 
PC4 
23 
PE 
PC 
PC 
PC 

PC 
PC 
PC 
PE 
PE 
PC 
PC 
PC 
PC 
PC 

PE 
PC 

AL6 

P f  
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